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Abstract 
In recent years sp
2
 carbon materials, including single-walled carbon nanotubes 
(SWNT) and graphene have attracted significant attention, especially in the field of 
electrochemistry. However there is a marked disparity of opinion concerning the 
fundamental inherent electron transfer (ET) properties of these materials, largely due 
to complications regarding their synthesis, characterisation and the methods utilised to 
measure their electrochemical characteristics. As shown in this thesis, catalysed 
chemical vapour deposition (cCVD) allows the growth of very high quality SWNT 
directly onto insulating substrates and so it is considered by many to be the ideal 
method to produce SWNT for fundamental studies and applications. However, 
graphene must be transferred post cCVD growth to insulating substrates, as it grows 
on metal foil catalysts and this process is currently associated with issues with 
contamination and mechanical damage. 
In this thesis SWNTs with both 2D and 3D geometries are investigated using 
micro- or nano- scale capillary electrochemical methods. By using outer sphere redox 
mediators and by isolating the SWNT sidewalls and end-caps it is shown that ET at 
SWNTs is both fast and occurs on both pristine sidewalls and closed ends. This 
opposes the commonly held view that ET only happens at open ends and defects. 
Then, it is shown that functionality can be introduced into pristine SWNTs either by 
platinum nanoparticle (NP) electrodeposition or anodic pre-treatment. These activated 
SWNTs are shown to display improved ET to a range of complex and inner sphere 
redox reactions, including becoming electrocatalytic for the oxygen reduction reaction 
(ORR) and the methanol oxidation reaction (MOR). 
Also in this thesis a method of performing generation/collection (G/C) 
electrochemical measurements within the meniscus of a microcapillary is 
demonstrated. This system is shown to be effective at both investigating processes on 
complex electrode surfaces and at investigating the mechanistic aspects of the ORR.        
xx 
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Introduction 
This thesis concerns the growth, characterisation and development of 
both single-walled carbon nanotubes (SWNT) in a variety of geometries, and 
graphene, for electrochemical applications. This introduction is a review of the 
current state of work relevant to this topic. 
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1.1 The carbon nanotube  
The first report of carbon nanotubes (CNT) is commonly accepted to have 
been made in 1991 by Iijima.
1
 This work reported the presence of multi-walled 
carbon nanotubes (MWNT) (although they were termed ‘graphitic’ carbon 
needles) in the soot like material produced when arc-discharge was performed on 
a carbon electrode. The same author later adapted the synthesis process to 
include catalytic iron particles, allowing the formation of single-walled carbon 
nanotubes (SWNT).
2
 CNTs have to-date been utilised in a wide variety of 
applications ranging from medicine
3
 to transistors
4
 (and hundreds of others)
5
 and 
are  considered to be a material with significant promise.
6
 
1.1.1 The structure of CNTs 
A CNT can, in its simplest form, be considered to be a single sheet of sp
2
 
carbon atoms, commonly known as graphene, rolled up to form a cylinder with a 
diameter as small as 7 Å
7
 and a length commonly on the scale of microns (and 
often millimetres, even centimetres).
8
 If the CNT consists of a single graphene 
sheet, it is a SWNT, with diameters typically in the range 1 to 3 nm. If multiple 
concentric sheets are present the tube is a MWNT and will have a diameter above 
2 nm and regularly greater than 20 nm.
8
  
The basic structure of a CNT is defined by its unique ‘rolling vector’, 
more commonly known as chiral vector (Ch). This defines the points at which 
two carbon atoms in the graphene lattice are ‘joined’ (i.e. the two C atoms in the 
theoretical graphene sheet are actually at a crystallographically identical lattice 
point in the CNT) to form the tube. Ch is defined as a pair of indices (n, m) that 
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represent the number of unit vectors (a1 and a2) in the lattice, within vector Ch. It 
is therefore possible to write: 
 
1 2hC na ma   (1.1) 
Due to hexagonal symmetry effects, the chiral angle (θ) must be greater than (or 
equal to) 0 ° and no greater than 30 °, therefore n ≥ m. These concepts are shown 
in Figure 1.1. 
 
Figure 1.1 – Schematic representation of the chiral vector (Ch) of SWNTs, showing the unit 
vectors a1 and a2 and the chiral angle (θ). The red line shows Ch for a zigzag (10,0) SWNT, the 
blue line shows Ch for a chiral (7,3) SWNT and the green line shows Ch for an armchair (5,5) 
SWNT.  
 The three SWNT shown in Figure 1.1 show the three different chiralities 
of SWNT, which can be distinguished from each other by looking at the shape at 
the end of the open carbon nanotube. The achiral nanotube structures (i.e. one 
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where the mirror image has the same structure) are zigzag (red SWNT) and 
armchair (green SWNT) and have Ch of (n, m=0) and (n,m=n) respectively. A 
SWNT with any other Ch is chiral, an example of which is shown by the blue 
SWNT. From the chiral indices (n,m), it is possible to calculate the 
circumference of a SWNT, using equation (1.2) 
 
2 2
hL C a n m nm   (1.2) 
where L is the circumferential length, n and m are the chiral indices and a is the 
lattice constant for graphene (a=2.49 Å). From this the diameter of a SWNT 
(dSWNT) can be calculated from equation (1.3) 
 SWNT
L
d   (1.3) 
therefore the (10,0), (7,3) and (5,5) SWNTs shown in Figure 1.1 have diameters 
of 7.92 Å, 7.04 Å and 6.86 Å respectively. Although there are theoretically lots 
of ways a SWNT can be orientated, in reality energetic and structural constraints 
limit the range of possibilities. 
 The atomic structure of CNTs has been confirmed through studies 
initially utilising scanning tunnelling microscopy (STM)
9-11
 and later aberration 
corrected transmission electron microscopy (TEM).
12
 From the STM images in 
Figure 1.2 (a) Dekker et al
11
 visualised  the atomic structure of multiple SWNTs 
and identified their chirality by measuring the chiral angle of each. For example 
they identified the uppermost SWNT in Figure 1.2(a) as a chiral tube with chiral 
indices of (11,7), they also showed armchair and zigzag SWNT.    
5 
 
 
Figure 1.2 – a) STM images of SWNTs of different chiralities,11 ‘no. 10, 11 and 1’ are chiral 
SWNT, ‘no. 7 is zigzag and ‘no. 8’ is armchair. b) aberration corrected TEM images of a zigzag 
(10,0) layer of a MWNT.
12
 Image 1 is a magnification of image 4.       
 Figure 1.2(b) shows TEM images, collected by Pan et al,
12
 clearly 
showing the atomic structure of a MWNT, Figure 1.2 (b). The chirality of one of 
its layers was identified as an achiral zigzag tube, with indices of (10, 0) (the 
same as the red SWNT in Figure 1.1).   
 It is well-known that practically the atomic structure of CNTs is never 
completely pristine and ‘defects’ are present.13, 14 The concentration of these 
defects depends on the method of synthesis. The inclusion of five- or seven-
membered rings into the structure can cause kinks in the CNT and is common at 
the ends of the CNT due to the formation of end-caps.
7
 If CNT are exposed to 
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harsh purification procedures it is also often common to have sp
3
 hybridised sites 
and oxygen terminated, open tube ends.
15
  
 The electronic properties of SWNT are a direct consequence of their 
atomic structure and chirality. Like with the atomic structure, the electronic 
structure of SWNT can be initially considered in terms of a graphene sheet, 
where carbon atoms are sp
2
 hybridised and form σ bonds with the neighbouring 
atoms, with the fourth valence electron occupying a delocalised network of π 
bonds formed from the unhybridised 2pz orbital. The properties of this π bonded 
network dominate the conduction properties of the graphene sheet as they are 
close to the Fermi level.  
Graphene, due to the valence and conduction bands meeting at specific 
points of its Brillouin zone, is a semi-metal (or zero band gap semiconductor) 
and is therefore always conductive, however, as the curvature of a SWNT 
slightly disrupts the symmetry of the graphene sheet this is not always the case 
with SWNT. Calculations,
16
 which have been corroborated through experimental 
measurements,
10, 11
 have shown that in fact only one third of SWNTs display 
metallic behaviour (mSWNT), with the other two thirds semiconducting 
(sSWNT). As the electronic structure of SWNTs is directly linked to the 
individual SWNTs chirality, it is unsurprising that the conduction properties of 
SWNTs can also be differentiated by chirality. Arm-chair SWNT (n,m=n) 
always display metallic conduction properties. Otherwise, if equation (1.4) holds 
 
( )
integer
3
n m
  (1.4) 
the SWNT will be metallic, all others are sSWNT.  
7 
 
 For MWNTs the principles discussed above hold for each layer of tubes, 
however, when the MWNT consists of more than three layers it is unlikely the 
tube will exhibit semiconducting properties, as only a single layer needs to be 
conductive to render the whole MWNT so.    
1.2 Synthesis of carbon nanotubes 
CNT can be synthesised by a variety of methods, however the most 
commonly utilised are arc discharge, laser ablation, catalytic chemical vapour 
deposition (cCVD) and the high pressure carbon monoxide (HiPco) floating 
catalyst method.  
1.2.1 Arc discharge 
Arc discharge is arguably the simplest method for production of CNTs 
and is the method which was utilised to produce the first MWNTs and SWNTs.
1,2
 
CNTs are produced when an arc is ignited between two graphite electrodes, 
usually in an argon atmosphere, by the application of a high voltage (20 - 25 V) 
causing a current up to 120 A,which results in temperatures in excess of 3000 
°C.
17-19
  
 
Figure 1.3 – A schematic of a typical arc discharge chamber.20  
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 The arc acts to vaporise the carbon from the anode, which then condenses 
and cools on the cathode, forming a mix of amorphous carbon, other fullerenes 
and MWNT.
21
 To synthesise SWNTs using arc discharge, the anode must be 
implanted with transition metals such as Co, Ni and Fe which act as catalysts,
2
 
however, this leads to contamination of the SWNT with metal nanoparticles 
(NPs), with a weight ratio of NPs to carbon of 2:1 being common.
22
 
1.2.2 Laser ablation 
Laser ablation is similar to arc discharge in a variety of ways, including 
the vaporisation of a carbon target to produce CNTs, only producing MWNT if 
the target is pure carbon
23
 and producing SWNTs if the carbon target is 
implanted with transition metal catalysts.
24
 However, with this technique a 
pulsed laser vaporises the target and a stream of inert gas causes the carbon to 
deposit downstream on a cooled collector.  
 
Figure 1.4 – A schematic of a typical laser ablation system.25 
This technique has been shown to produce SWNTs with a very consistent 
diameter,
26
 which is very unusual for the synthesis of CNTs. The SWNTs in 
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Figure 1.5 were produced by laser ablation and the authors argue the majority of 
them were (10,10) zigzag, based on XRD and TEM measurements. This fine 
control is attributed by the authors to a different SWNT initiation mechanism 
where metal atoms adsorb onto the edge of a forming fullerene edge and ‘scoot’ 
around forming a SWNT. They claim this mechanism leads to a rearrangement 
of the structure over a short timescale, under these specific growth conditions, 
which forms an energetically preferable SWNT, i.e. (10, 10). Only later in this 
mechanism does a NP form.
26
 
 
Figure 1.5 – SWNT produced by laser ablation, the majority of which were claimed be zigzag 
(10,10) chirality from TEM and XRD measurements.
26
 Scale bars are 20 nm.  
 Although control of the dSWNT is useful, the CNTs synthesised using laser 
ablation, as with arc discharge, are  produced in a ‘soot’ of amorphous carbon 
and other fullerenes.
27
 The CNTs account for a larger proportion of the material 
created using laser ablation (70-90 %), however, there is significant 
contamination from the metal NP catalysts. 
 Because of this contamination it is necessary to purify the CNTs grown 
by both techniques, to remove amorphous material, other fullerenes and catalytic 
10 
 
metals. Traditional purification techniques such as centrifugation and filtering are 
ineffective at removing these contaminants,
7
 so the development of aggressive 
cleaning procedures has been necessary to obtain clean CNTs. The most 
commonly used involve the use of strong oxidising agents, most often 
concentrated acids.
22, 27-30
 A generalised procedure involves mechanical grinding 
the as-grown CNT, mixing with concentrated acid (often a mixture of different 
acids e.g. H2SO4/HNO3),
30
 which is then refluxed for up to 24 hours and often 
sonicated. The CNTs are then washed with water and dried. This results in CNTs 
that are free from metal NPs and amorphous material. 
 Exposing CNTs to these harsh environments does have an effect on the 
structure and chemical nature of the tube. Post-cleaning, there is a significant 
reduction in the length of the CNTs and the end caps are opened.
22, 30, 31
 Defects 
are also introduced into the pristine sidewalls.
15
 Cleaning also acts to 
functionalise the CNT, introducing oxygen containing functional groups onto the 
surface, commonly hydroxyl groups,
22, 30
 ketones
22, 32
 and carboxylic acids,
33
 
which also acts to make the CNTs less hydrophobic.
22
  
1.2.3 Catalytic Chemical vapour deposition (cCVD) 
There are many different variations on cCVD, however, the most often 
used is thermal cCVD.
34
 With this technique, catalytic metal NPs, most 
commonly Fe,
33, 35-37
 Ni
38, 39
 and Co,
33, 40, 41
 are supported on a substrate and 
inserted into a quartz tube, which runs through a high temperature oven (hot 
wall). The substrate is heated to the temperature required for growth, generally 
800 – 1000 °C, and a gaseous carbon feedstock is flowed through the chamber 
usually with H2 and an inert carrier gas e.g. argon. After the growth time has 
11 
 
elapsed the chamber is allowed to cool and the substrates are removed. A 
schematic of a hot wall cCVD chamber is shown in Figure 1.6. 
 
Figure 1.6 – Schematic of a typical atmospheric pressure cCVD system. 
 cCVD was originally utilised to grow carbon fibres and filaments,
42, 43
 
and only later was it developed to grow firstly MWNT
33, 44
 and then SWNT.
45, 46
 
Since then there have been many more reports of cCVD growth of CNT, utilising 
many different growth schemes.  
 As CNTs grown by cCVD are usually attached to a substrate material 
(e.g. Si/SiO2 or quartz) it is possible to grow them in a variety of geometries by 
adapting the growth conditions or catalyst system. These geometries range from 
isolated CNTs,
47, 48
 arrays of CNTs aligned parallel to the substrate,
49-51
 random 
2D networks of interconnected CNT
52-54
 and 3D, super high density, vertically 
aligned CNT forests.
55-57
 It is also possible to pattern growth to specific locations 
and shapes.
58, 59
  
Random 2D networks (Figure 1.7 (c)) are simply grown form NPs that 
are randomly oriented onto the substrate, which can be deposited by either 
solution based methods
60, 61
 or more commonly by deposition of thin transition 
metal films
54, 62
 which form NP on heating.  However, the growth of vertically 
12 
 
aligned 3D CNTs (Figure 1.7 (b, c)) often requires the use of a catalyst support 
material, commonly Al2O3,
55, 57
 which is reported to act as a barrier to diffusion 
keeping the catalytic NPs active and promoting CNT growth by preventing NPs 
from agglomerating.
55, 63, 64
 Other effects, such as surface reactivity and 
wettablility of the support material, have also been shown to have an effect.
65
 
The use of ‘advanced’ cCVD techniques such as plasma enhanced cCVD 
(PECVD) or water assisted cCVD has allowed the growth of super-long (mm 
tall) CNTs.
57
  
 
Figure 1.7 – a) Photograph of a ‘super long’ (2.5 mm) SWNT forest grown by water assisted 
cCVD
57
; b) FE-SEM image of the SWNT forest.
57
 c) AFM image of a 2D SWNT network.
66
  
 One of the major advantages to using cCVD is that by tuning the growth 
parameters it is possible to create CNTs (most commonly SWNTs) which are 
clean (little or no amorphous carbon) and with low defect densities.
8, 48, 66-69
 The 
defect spacing (i.e. distance between defects) in SWNT grown by cCVD has 
been found to be as high as 4 μm.70 The required NP density to grow 2D SWNT 
networks, arrays or isolated CNTs is also usually low when compared to ~ 60 % 
13 
 
by weight for arc discharge post synthesis,
22
 as can be seen in Figure 1.7(c). 
Although not all NPs grow a CNT, those remaining on the insulating surface, in 
the vast majority, remain isolated from the network.
52, 66, 69
 These factors mean 
that CNTs produced by cCVD can often be utilised for applications in their 
pristine state, without purification, therefore no shortening, opening or defect 
creation. 
1.2.4 High pressure carbon monoxide (HiPco) 
One notable variant of cCVD for SWNT growth is the HiPco floating 
catalyst method. This process utilises the principles of CVD, i.e. the high 
temperature (900 – 1100 °C) decomposition of carbon gas (CO) over catalyst 
NPs, but in HiPco the NPs are not anchored to a surface but are formed in the gas 
phase by the thermal decomposition of Fe(CO)5.
71, 72
 A schematic of a HiPco 
reaction chamber is shown in Figure 1.8. 
 
Figure 1.8 – Schematic of a HiPco reactor (left) and TEM image of SWNT produced using the 
HiPco method.
72
  
This method has been shown to be very effective for the production of 
large quantities of SWNT (~ 10 g/day)
72
 due to the high throughput of the 
starting materials. As shown in the TEM image in Figure 1.8 the SWNT 
14 
 
produced are largely free from amorphous carbon, however, a downside to this 
method is that large quantities of metal catalyst particles are also mixed with the 
SWNT (up to 30 % by weight
34
), meaning cleaning is still essential.    
1.2.5 Mechanism for catalytic cCVD CNT growth 
The cCVD CNT growth process begins with the diffusion of the growth 
precursor to the surface, then the active species adsorbs onto the particle surface 
and the reactions leading to CNT growth occur after which the by-products 
desorb and diffuse away.
34
 During growth the catalytic NP is in a semi-molten 
state, despite the melting point (m.p.) of the bulk metal (e.g. Fe m.p. 1583 °C
73
) 
being significantly higher than the growth temperature (e.g. 850 °C), due to the 
significant surface area to volume ratio of the NP.
74
 As the carbon feedstock 
decomposes on the NP surface the carbon that is released is able to dissolve into 
it. When the NP is saturated, carbon begins to precipitate out forming a CNT.  
The NP is either forced from the surface and stays in the end of the CNT, known 
as tip growth, or remains on the surface forcing the CNT from it, known as root 
growth (Figure 1.9). The whole process is widely known as the vapour, liquid, 
solid (VLS) model
75
 and has been observed in in-situ TEM studies.
76-78
  
 
Figure 1.9 – a) Schematic of ‘root’ and ‘tip’ growth mechanisms. b,c and d)TEM images of 
SWNT growing by ‘root’ mechanism.79 e)TEM image of MWNT growing by ‘tip’ mechanism.80   
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 It has been shown that MWNTs primarily proceed by the tip growth 
mechanism whilst SWNTs are more prone to root growth.
80
 It has also been 
shown that with the same catalyst system there is a transition point between these 
two processes, which depends on both the strength of interaction of the metal NP 
to the surface and the interaction between the metal NP and the forming carbon 
structure.
80
 
1.3 Electrochemistry 
1.3.1 Dynamic electrochemistry  
Dynamic electrochemistry concerns the processes that occur at an 
electrode/solution interface under non equilibrium conditions.
81, 82
 In a typical 
experiment a potential is applied to a working electrode (WE) with respect to a 
reference electrode (RE), which drives the oxidation or reduction of the chosen 
electroactive mediator in a solution containing excess supporting electrolyte. The 
rate of these (Faradaic) processes, and therefore current magnitude, is influenced 
by a range of factors including the potential that is applied, electron transfer 
kinetics and mass transport of species to/from the electrode, summarised in 
Figure 1.10.
82
 The electrode is also subject to non-Faradaic processes, where no 
charge is transferred across the interface, but current flows due to changes in the 
electrode/electrolyte interface.
81, 82
 Capacitance is an example of a non-Faradaic 
process. Under certain experimental conditions a third electrode is introduced 
into the system, namely the counter electrode (CE). This is necessary when the 
system has a significant contribution from ‘ohmic drop’, which is an effect 
caused by the passing of large currents or the presence of high solution 
16 
 
resistance.
81
 However, as the majority of studies in this thesis produce < 1 μA the 
contribution from ohmic drop can be considered negligible,
81
 therefore justifying 
the use of two electrode cells.   
 
Figure 1.10 – Schematic of the processes that influence Faradaic processes at an electrode 
surface during dynamic electrochemistry, adapted from reference.
82
 
1.3.2 Mass transport 
Mass transport is the movement of species to an electrode surface, and 
can occur by diffusion, convection and migration.
81, 82
 Diffusion is the movement 
of species down a concentration gradient. When a redox process is performed at 
an electrode the species being turned over (oxidised or reduced) becomes 
depleted at the electrode, creating a concentration gradient from the electrode 
surface to bulk solution. This means that during a dynamic electrochemical 
process diffusion is always present. Fick’s Law describes the diffusional flux (J), 
which in one dimension is given by:  
17 
 
 
C
J D
x
  (1.5) 
D is the diffusion coefficient (cm
2
 s
-1
), C is the concentration (mol cm
-3
).
81
   
Convection is caused by a physical action on the solution e.g. stirring, 
which increases flux to the electrode. It can also be introduced if there are 
temperature gradients in the solution being used. Convection is often deliberately 
introduced into electrochemical experiments e.g. rotating disk electrode (RDE).
81
 
The effects of convection are negated simply by keeping solutions at a constant 
temperature and still (i.e. no vibrations). 
Migration is caused by the movement of charged species in a solution 
according to a potential gradient.
81, 82
 However, when an inert salt (e.g KCl) is 
introduced in excess into the solution of interest, the potential field effects are 
essentially shielded, meaning migration effects can be disregarded.
81, 82
  In all the 
experiments described in this thesis excess electrolyte was employed and the 
solution held under constant temperature, hence mass transport by diffusion is 
the only mass transport mechanism for consideration. 
1.3.3 Cyclic voltammetry (CV) 
Potential sweep electrochemical techniques, including cyclic 
voltammetry (CV), are very commonly used to study electrode processes.
82
 In 
CV the potential applied to an electrode is swept from an initial potential to a 
second potential before it is swept back to the initial potential, at a constant 
sweep rate (Figure 1.11).
81, 82
 From the Faradaic current recorded at the 
electrode, during this sweep, information regarding the electron transfer (ET) 
process of interest can be extracted. 
18 
 
 
Figure 1.11 – a) The triangular waveform of a CV. A typical CV for a reversible system at a 
macroelectrode (b) and a microelectrode (c). Diffusion profiles at a macroelectrode (d) and a 
ultramicroelectrode (e).  
 At the starting potential of a CV (E1, Figure 1.11 b,c) no Faradaic process 
occurs, however as the potential becomes sufficient to drive the redox process at 
the surface a current begins to flow, increasing as the potential is increased. The 
form of the CV is heavily dependent on the electrode geometry and the rate of 
ET compared to the rate of diffusion. A large planar macroelectrode has a linear 
diffusion profile (Figure 1.11, d), meaning diffusion is dominated by movement 
of species perpendicular to the surface.
81, 82
   As the rate of turnover of species at 
a macroelectrode increases, i.e. the overpotential (η) increases, (Butler Volmer 
kinetics, see 1.3.4) with increased potential, the current increases, up to a point 
when the diffusion can no longer keep up with the rate of electron transfer and a 
peak is observed in the CV response (Figure 1.11, b). Under diffusion-controlled 
conditions the CV has certain characteristics including a peak current (ip) 
proportional to scanrate
½ (υ½), a peak potential independent of υ, an ip of the 
same magnitude on the forward and reverse scans and the peak to peak potential 
separation (ΔEp) is 59/n mV (n, number of electrons transferred).
81
 These 
characteristics mean that the rate of diffusion limits the reaction, as the rate of ET 
19 
 
is very fast and the system can be described as reversible.
82
  In contrast, at an 
ultramicroelectrode (UME), an electrode with a dimension on the µm scale, the 
diffusion profile is hemispherical in shape, with a significant radial component 
(Figure 1.11, e), resulting in a significantly higher diffusion flux than that seen at 
a macroelectrode. This means the current in a CV does not fall but instead 
maintains a steady-state at sufficient η (Figure 1.11, c).81 
1.3.4 Electrode kinetics 
In a reversible system the standard rate constant for the process (k0) is 
much higher than the mass transfer coefficient (kt). When k0 is smaller than kt the 
electrochemical system is said to become quasi-reversible. k0 can be described 
using Butler-Volmer kinetics,   
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where kf and kb are the rates of the forwards and backwards reactions 
respectively, α is the transfer coefficient, n is the number of electrons involved, F 
is the Faraday constant, (E-E
0’
) is the overpotential, R is the universal gas 
constant and T is temperature.
81
 
For a macroelectrode CV under kinetic control the CV becomes more 
drawn out, compared to the reversible case, as k0 decreases. A comparison of a 
reversible and a quasi-reversible CV is shown in Figure 1.12.
82
 If k0 is much 
slower than kt a higher overpotential is necessary to drive the electrochemical 
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process resulting in an increased ΔEp. If the process is defined as irreversible no 
peak will appear on the reverse scan. 
 
Figure 1.12 – CVs for a reversible and quasi-reversible electrochemical system.82  
1.4 Electrochemistry using intrinsic carbon nanotube 
electrodes 
1.4.1 Early work using CNTs as electrodes 
The earliest attempt to utilise CNTs as an electrode for electrochemistry 
was performed by Britto et al.
83
 who mixed unpurified MWNTs, produced by arc 
discharge, with a binding material and packed them into a glass tube to form an 
electrode. This was used to investigate the oxidation of dopamine using 
voltammetry, which showed essentially reversible behaviour, significantly better 
than at other carbon electrodes. Other reports using similar electrodes,
84
 or those 
produced from bundles
85
 of, or single,
86
 MWNTs produced by arc discharge, also 
demonstrated ideal voltammetric behaviour. However, the electrodes in these 
studies were either largely uncharacterised or found to contain such high levels 
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of amorphous material that no real understanding of the intrinsic electrochemical 
properties of the CNT could be gleaned. 
The majority of early reports into CNT electrochemistry rely on the use 
of other electrodes, Pt, Au, glassy carbon (GC), which have been modified with 
CNTs. Electrodes of this type were first introduced by Liu et al.
87
 who modified 
Au and Pt with purified SWNTs by drop casting. However, the use of a CNT 
modified GC electrode by Wang et al.
88
 for the detection of NADH is often 
credited as the point at which the interest in CNTs for electroanalysis began to 
gain momentum.
14
 In this work it is shown that modification reduces the 
overpotential necessary for NADH oxidation and eliminates the effects of 
electrode fouling. Since this report there have been many notable reports 
claiming similar benefits.
89-93
 
However, work in which basal plane pyrolytic graphite (BPPG) was 
modified with MWNTs by either abrasive attachment (rubbing into the electrode 
surface) or drop casting and compared with graphite powder, challenged the idea 
that the CNTs unique structure is responsible for the reported benefits.
94
 It was 
shown that for the oxidation of norepinephrine, epinephrine and NADH there 
was little difference between the graphite and MWNT electrodes, although both 
showed a considerable improvement over bare BPPG (Figure 1.13). 
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Figure 1.13 – a) MWNT and b) graphite powder abrasively modified BPPG electrodes. c) Cyclic 
voltammograms for the oxidation of 1 mM norepinephrine on bare BPPG and with the above 
modified electrodes. d) Cyclic voltammograms for the oxidation of 1 mM norepinephrine on bare 
BPPG and with MWNT and graphite powder drop cast electrodes.
94
   
 In a subsequent publication the same authors compared MWNTs to both 
BPPG and edge plane pyrolytic graphite (EPPG) and found that EPPG and 
MWNT behave identically for epinephrine oxidation, whilst BPPG shows slow 
electrode kinetics.
95
 From this they concluded that edge plane like sites in CNT 
(open ends and defects) are solely responsible for any electrocatalytic behaviour. 
This postulate has since been extended to suggest that any intrinsic 
electrochemical activity of CNTs is also purely due to defects and open ends and 
the pristine CNT sidewall can only exhibit slow ET. However, this description is 
considered unsatisfactory by many.
47, 52, 96-98
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1.4.2 Intrinsic electrochemical properties of CNTs 
The debate that has arisen around the inherent electroactivity of CNTs is 
also further complicated by the fact that the manner in which the CNTs have 
been grown (and in some cases purified) will play a role on the resulting 
electrochemical response. For example, those CNTs which have undergone harsh 
purification will have a very different surface structure to those which haven’t. 
Also, some studies use CNTs dispersed on other electrodes, while others use 
CNTs on an insulating support. Furthermore, electrochemical studies often utilise 
non-ideal redox couples
99-101
 (e.g. Fe(CN)6
4-/3-
) which can complicate results due 
to issues such as surface blocking associated with the redox couple.
102
 Finally, 
MWNT electrochemical behaviour is often assumed to be analogous to 
SWNTs,
100, 103
 even though the SWNT is an electrode where the entire electrode 
is a surface, unlike the MWNT which contains an inner core. These issues may 
be a major contributing factor to the inconsistent reports of CNT electroactivity. 
The presence of metal NPs in some CNT electrodes is responsible for one 
debate over the observed electrocatalytic activity of CNTs towards some redox 
processes,
104-107
 however the intrinsic ET properties of CNTs are also hotly 
debated. Many reports into the intrinsic electrochemical activity of CNTs focus 
on ‘defects’ as the sites of ET.95, 101, 108, 109 This analogy stems from earlier work 
on highly oriented pyrolytic graphite (HOPG) where ET was thought to occur 
much faster at edge plane sites
110, 111
 than at the basal surface (although this view 
has also been challenged
102, 112
).  In an early investigation Li et al.
99
 used the 
voltammetric response of the Fe(CN)6
3-/4-
 couple to investigate three different 
CNT electrodes,  SWNT ‘paper’ (bundles of acid-purified SWNT collected onto 
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paper through filtration), MWNT towers and MWNT towers that had been heat 
treated to remove amorphous material. These electrodes displayed ΔEp of 96 mV, 
170 mV and 230 mV respectively, demonstrating that that the SWNT paper had 
the most ideal response. The authors suggest that removing amorphous carbon 
causes ΔEp for the towers to get larger, and that the SWNT paper shows the best 
response due to edge plane like sites being introduced during SWNT purification.  
There have been multiple other reports where it is claimed that graphitic 
like edge plane type sites are responsible for ET in CNT. Gooding et al. showed 
shortened and open ended SWNT that were vertically aligned by self assembly 
displayed faster ET for Fe(CN)6
4-
 oxidation (ΔEp 59 mV) when compared to gold 
electrodes modified with randomly oriented SWNT treated in the same way (ΔEp 
99 mV). This was reportedly due to an increased concentration of available end 
groups (defects).
100
 Wildgoose et al. showed that ET at MWNTs that had been 
acid purified, to introduce defects and functionalise the CNT, was improved after 
the functional groups were removed by annealing, leaving unfunctionalised 
defects. ET was then made less facile by ‘super annealing’ the CNT which it was 
claimed healed defects therefore reducing active sites. However, micro-Raman 
spectra of these samples still had a notable, although reduced, ‘D peak’ which 
indicates the presence of sp
3
 carbon and is indicative of defects.
113
 It is common 
to all these studies that little attempt was made to separate the response of the 
defects from that of the pristine CNT. The conclusion that ET is driven by 
defects was driven by analysis of the voltammetry alone.  
The most convincing evidence that electrochemistry at SWNT electrodes 
is not solely driven by defects and open ends comes from studies of individual 
SWNT on insulating substrates. This resolution has been achieved either by the 
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isolation of SWNT onto a surface through low density or aligned growth
47, 98
 or 
through the use of nano-scale scanning electrochemical methods.
97
 The work of 
Dekker et al.
47
 demonstrated that the isolated sidewalls of SWNT, i.e. no tube 
ends exposed to solution, are extremely active for ET, displaying steady state 
voltammetric currents proportional to the length of SWNT sidewall exposed 
(Figure 1.14 (a)). The same high ET activity was found when individual SWNT 
were investigated using scanning electrochemical microscopy (SECM), where a 
ultramicroelectrode (UME) was scanned at a constant height above a surface, 
measuring the redox activity at different points. An SEM image and the 
corresponding plot of electrochemical activity of a single SWNT is displayed in 
Figure 1.14 (b) and shows that there is consistent electrochemical activity along a 
40 µm length of the SWNT sidewall, suggesting that the activity is not driven at 
point defects.
98
  
Güell et al.
97
 also utilised scanned electrochemical methodology using the 
double barrelled scanned capillary technique, scanning electrochemical cell 
microscopy (SECCM) which has a meniscus contact area ca. 250 nm, to 
investigate ET at well characterised 2D SWNT network electrodes. Again ET 
was shown to be facile across the whole SWNT sidewall, and at closed ends. 
This was supported by finite element simulations which estimated the current 
profile as the meniscus was scanned across a SWNT, these showed that the 
experimental current profile could not be explained even through a high density 
of point defects. There have also been many other reports that now suggest that 
the pristine sidewalls of SWNT are electrochemically active.
52, 96, 114, 115
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Figure 1.14 – a) Schematic and AFM image of single SWNT electrode. CVs for the oxidation of 
FcTMA
+
 at different lengths of SWNT sidewall. 
47
 b) SEM image of aligned SWNT and SECM 
image of the SWNT indicated by the arrow. Colour scale represents redox current.
98
 c) SECCM 
image of a 2D SWNT network and corresponding line scan, greyscale represents redox current. 
Finite element simulation of the current profile as a SECCM tip is scanned across a SWNT 
where: the whole sidewall (blue); a single defect (red); 3 defects (green); are responsible for ET, 
real data shown as black dots. 
97
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1.5 Modification of CNTs for electrochemistry 
1.5.1 Chemical, physical and electrochemical routes 
During purification procedures, modification of the surface is often an 
uncontrolled process, however through controlled chemical and electrochemical 
treatments it is possible to deliberately modify (or functionalise) the CNT surface 
in order to promote certain electrochemical reactions. It is well-known that many 
redox processes need to bind to a surface in order for efficient  ET to occur; such 
ET processes are referred to as ‘inner sphere’ processes.81  - * interactions will 
be promoted on the pristine sp
2
 surface but for many inner sphere couples these 
are not sufficient. Functional groups can be introduced onto the surface in a 
variety of ways, such as by controlled acid treatments,
15
 exposure to an oxygen 
plasma
15
 or electrochemical oxidation at high positive potentials.
116, 117
 These are 
common literature methods to introduce oxygen containing groups, known to 
promote many inner sphere reactions.
118
 Functionalisation using these methods 
has been shown to promote the oxidation of dopamine,
15
 NADH
116, 117
, 
hydrazine
116
 and ascorbic acid.
117
 
1.5.2 Modification with metal NPs 
The modification of CNT structures with metal NPs is another well-
explored research area.
119
 NPs have been deposited by chemical (e.g. reduction 
of metal salts
120, 121
), physical (e.g. dispersal of pre-formed NPs
122
) and 
electrochemical (e.g. electrodeposition from metal salts
123-125
) methods onto a 
variety of CNT structures, including 2D networks,
123, 125, 126
 single SWNTs
70, 114, 
124
 and CNTs deposited by drop casting.
121, 127
 Although the preparation of CNT-
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NP composite materials by chemical and physical methods is as attractive 
synthesis route, with this methodology there is little control over the NP 
distribution through the CNT structure (i.e. NPs can easily cluster together, 
reducing activity). Also the NPs pre-synthesised then immobilised on the CNTs 
are often functionalised with stabilising ligands from synthesis
128
 which can 
adversely affect ET if not chosen carefully.
129
 
Electrodeposition is a powerful technique for the synthesis of NPs as it 
allows control over both the nucleation and subsequent growth of NPs of many 
metals,
70, 123
 including Pt,
123, 125, 130
 Pd,
125, 130, 131
 Ag
15, 52, 123
 and Au.
126, 130, 132
 
Through variation of the deposition overpotential and time (or number of 
deposition cycles when depositing by CV) it is possible to control the size and 
distribution of NPs. This effect was shown by Dekker et al.
130
 who controlled the 
size and distribution of Au, Pt and Pd NPs on SWNT by controlling the 
deposition potential, time and metal salt concentration. This allowed them to 
grow structures ranging from isolated NP to nanowires. By using a very low 
deposition overpotential (< 70 mV) Collins et al.
70
 were able to selectively 
electrodeposit Ni at defects along the sidewalls of SWNT, whereas when higher 
overpotentials were employed non-selective deposition along the entire sidewall 
occurred.  
Despite the control gained through electrodeposition, the understanding of the 
nucleation and growth of NPs on CNTs is still rather limited. As described 
above, it has been shown that NPs preferentially nucleate at defect sites at low 
overpotentials,
70
 but a small increase in overpotential overcomes this preference. 
The nature of the metal being deposited,
125
 the nature of the diffusional 
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overlap,
126
 potential drop effects
123
 and driving potential
70, 126
 have all shown to 
affect electrodeposition. 
1.6 The use of CNTs for electrocatalysis 
1.6.1 CNTs for the promotion of the oxygen reduction reaction 
(ORR) 
The electrocatalytic reduction of oxygen is of vital importance for 
research into ‘clean energy’ as the oxygen reduction reaction (ORR) occurs at the 
cathode of most common fuel cells. Unfortunately, the kinetics of the ORR are 
usually slow, meaning a catalyst material is required to make fuel cells effective. 
Traditional ORR catalysts are based on Pt,
133
 but these are expensive, meaning 
there has been a significant drive to find more viable alternatives. 
The ORR itself is a complicated process involving the transfer of 4-
electrons and the reaction has many intermediates. The nature of the reduction 
also depends heavily on the pH of the electrolyte and can occur by either a direct 
4e
-
 transfer or two subsequent 2e
-
 transfer steps. The different routes are 
summarised in Table 1.1. 
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Electrolyte Oxygen reduction reaction E0 vs. NHE (V) 
Acidic O2 + 4H
+
 + 4e
-
 → 2H2O 
O2 + 2H
+
 + 2e
-
 → H2O2 
Followed by either: 
a) H2O2 + 2H
+
 + 2e
-
 → 2H2O 
b) 2H2O2 → 2H2O + O2 
1.23 
0.70 
 
1.77 
Alkaline O2 + 2H2O + 4e
-
 → 4OH- 
O2 + H2O + 2e
-
 → HO2
-
 + OH
-
 
Followed by either: 
a) HO2
-
 + H2O + 2e
-
 → 3OH- 
b) 2HO2
-
 → 2OH- + O2 
0.40 
-0.065 
 
0.867 
 
Table 1.1 – Summary of the various pathways for the ORR.134 
 CNTs have been utilised extensively in fuel cell catalyst research and 
have been investigated as both a novel support material for traditional ORR 
catalysts (commonly Pt NPs) and as a potential replacement for traditional metal 
catalysts entirely.  
 Bulk Pt ORR catalysts are not viable for commercial application in fuel 
cells primarily due to their incredible cost, which has led to the development of 
catalysts based on Pt NPs supported on a cheaper electrode material, most 
commonly carbon.
135
 These electrode materials are effective, but are prone to 
time-dependant drift
136
 and deactivation through poisoning
137
 which can severely 
reduce efficiency. They also require high catalyst loadings (0.8 – 8 mgPt cm
-2
).
138
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The electrical conductivity, corrosion-resistance and very high specific surface 
area of CNTs make them an interesting catalytic Pt support material.
138
 There 
have been multiple reports demonstrating the benefits of CNT supports over 
other carbon alternatives for the ORR,
122, 128, 139-142
 boasting lower ORR onset 
potentials, increased stability and higher catalytic activity. These improvements 
have largely been attributed to the beneficial structure of the CNT supports used 
for compositing with Pt and Pt alloys, increasing catalytic activity. For example 
Kamat et al.
122
 attributed the increased rate constant for ORR at Pt/SWNT 
electrodes, over commercial Pt/C electrodes, to the porosity of the SWNT 
structure, which allowed increased diffusion and facilitated an increased 
interaction with the Pt NPs. As these composite materials only utilise the Pt at 
relatively high loadings for catalysis, they usually proceed via the 4-electron 
reduction route as at high loadings the diffusion fields of individual NPs overlap 
meaning it is less likely for intermediates to escape into the bulk.
129
    
  Although the use of CNTs as ORR catalyst supports is interesting as it 
reduces the amount of Pt required for effective catalysis, it would be of greater 
benefit to produce an ORR catalyst that does not require any expensive materials 
and is made from readily available elements, e.g. carbon. Pristine sp
2
 carbon 
materials, including CNTs, are poor catalysts for the ORR as the lack of 
functional groups does not encourage adsorption and fast ET.
143
 The most 
common method used to activate CNTs towards the ORR is to dope them with 
electron density withdrawing dopants, usually nitrogen. It was initially suggested 
that the introduction of NH3 into the CVD synthesis of MWNT forests created 
FeN2-C and/or FeN4-C sites by combination with Fe catalyst NPs, which 
catalysed the ORR.
144
 However, it was then demonstrated that the ORR was 
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catalysed at nitrogen doped MWNT forests where all metal residues had been 
removed Figure 1.15.
145
 
 
Figure 1.15 – a) SEM and b) TEM images of metal free N-doped MWNT forest. c) Comparison of 
the linear sweep voltammetry (LSV) of a commercial Pt/C electrode, an undoped MWNT forest 
and an N-doped forest. d) Schematic of the O2 binding at an undoped CNT (top) and an N-doped 
CNT (middle), charge density at an N-doped site (bottom).
145
   
 It was shown by Dai et al.
145
 that metal free N-doped MWNTs acted as 
very efficient catalysts for the direct 4-electron ORR, performing better than a 
commercial Pt/carbon electrode, with lower onset overpotential and increased 
current density. The catalytic activity of this structure was attributed to the 
electron withdrawing nature of the N-dopants, which caused the adjacent carbon 
atoms to display a higher positive charge density. It was claimed this effect 
changed the mode of adsorption for O2, which weakened the O-O bond. The 
undoped MWNT forests in this study were also shown to catalyse the two step, 
2-electron ORR, as usual for ordinary carbon electrodes.
134
 However, as pristine 
sp
2
 materials are not usually good ORR catalysts
146
 this is likely due to high 
defect density or contamination from amorphous material. Since this report there 
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has been intense interest in doping CNT and other carbon materials for ORR 
catalysis.
147-153
  
The creation of ORR active sites through the withdrawal of electron 
density has also been displayed by intermolecular charge transfer from CNTs to 
certain electrolytes.
154
 By adsorbing electron-withdrawing molecules, for 
example poly(di-allyldimethylammonium chloride),
154
 onto CNT forests it was 
shown that metal free ORR catalysis was promoted, creating a material that 
performed comparably (although slightly less effectively) to a commercial Pt/C 
catalyst and significantly better than untreated CNTs. 
Although much work has been done to investigate ORR catalysis using 
modified CNTs, reports concerning the intrinsic ORR catalysis capabilities of 
undoped CNTs have utilised low quality or acid cleaned CNTs with high defect 
densities.
155-158
 This has meant the activation of CNTs towards the ORR in a 
controlled way has not been satisfactorily investigated. It has been shown that the 
presence of oxygen functionalities on CNTs promotes ORR catalysis
155
 however, 
the use of glassy carbon support electrodes and highly defected CNTs 
complicated analysis.         
1.6.2 CNTs for promotion of the methanol oxidation reaction 
(MOR) 
Like the ORR, understanding of the methanol oxidation reaction (MOR) 
is vitally important for fuel cell research.
135
 The MOR is a complicated inner 
sphere reaction with multiple possible pathways
159
 (Figure 1.16) which should 
occur thermodynamically at low potentials (0.016 V vs. SHE
160
), however does 
not occur experimentally on a Pt electrode until much higher potentials are 
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applied (ca. 0.5 V vs. SHE), as the oxidation kinetics are very slow.
160
 The MOR 
can proceed by two pathways, one with formaldehyde and formic acid 
intermediates and one with adsorbed CO as an intermediate. As the oxidation of 
CO to CO2 requires high overpotentials the formic acid route is generally 
favoured (direct pathway) and COads is considered to be a poison to catalytic 
activity.
160, 161
 
 
Figure 1.16 – Summary of the major processes involved in the methanol oxidation reaction 
(MOR), adapted from Baltruschat et al.
159
 
Pristine CNTs are ineffective as MOR catalysts as the reaction requires 
adsorption sites for the many reaction intermediates, which are not supplied by 
the sp
2
 structure. As with the ORR, the MOR is traditionally catalysed by 
precious metal catalysts (most commonly Pt), supported on cheaper electrode 
materials, meaning CNT supports have been investigated as supports for similar 
reasons as for Pt ORR catalysts (conductivity, corrosion-resistance, high specific 
surface area). Unfortunately, as the MOR creates its own catalyst poison, the 
catalysts used are more susceptible to poisoning than ORR catalysts.
135
 
CNT supported Pt MOR catalysts have demonstrated significant enhancement of 
Pt catalytic activity.
140,162-166
 Vertically aligned MWNT synthesised CVD and 
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implanted with Pt NPs via chemical synthesis were shown by Fisher et al.
162
 to 
have a current density 20 times greater than a bulk Pt catalyst for the MOR, 
demonstrating significant enhancement of electrocatalytic activity. SWNT 
supported Pt NPs have also been shown to enhance activity (10 times higher than 
when the same amount of Pt is deposited on a planar electrode) towards the 
MOR
140
 reducing the necessary overpotential by 200 mV. The enhanced MOR 
capacity was attributed to an inhibition of CO poisoning. Analogously to the use 
of CNTs as ORR catalysts, it has also been suggested that nitrogen-doped CNTs 
act as superior Pt NP supports for the MOR
165
 demonstrating a reduced 
overpotential and 10 times the catalytic activity of a commercial Pt electrode. 
The authors claim the nitrogen containing groups decrease the electron density of 
the Pt, promoting MOR catalysis, however, no comparison is made to undoped 
CNTs. 
1.7 Graphene 
1.7.1 The structure of graphene 
The physical structure of single layer graphene (SLG) consists of a one 
atom thin sheet of carbon atoms bonded in a sp
2
 lattice, making it a truly two-
dimensional material. The atomic structure has been confirmed by both STM
167
 
and high resolution TEM
168, 169
 (Figure 1.17). Bi-layer graphene (BLG) and few-
layer graphene (< 10 graphene sheets) are also commonly referred to as graphene 
materials.
170
 As with CNTs, the pristine graphene structure can be interrupted by 
the presence of defects, especially at the boundaries between graphene grains, 
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where hexagon or pentagon rings (Figure 1.17 (d)), vacancies, functional groups 
and adsorbed impurities can be incorporated.
171
    
The electronic structure of SLG had been considered as the theoretical 
starting point for the electronic structure of CNTs, consisting of a σ bonded 
lattice with a delocalised network of electrons formed by the carbon π bonds. 
However, unlike the electronic structure of CNTs there is no interruption of 
lattice symmetry (due to curving of the sheet) meaning SLG acts as a semi-metal 
(or zero band gap semiconductor).
172
   
 
Figure 1.17 – a) STM image of single layer graphene, b) STM image of multi layer graphene.167 
c) TEM image of few (2 to 4) layer graphene showing graphene edges.
168
 d)TEM image of single 
layer graphene showing grain boundary between two distinct flakes.
169
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1.7.2 Graphene synthesis 
There are three primary routes to the synthesis of graphene, namely 
mechanical exfoliation, chemical exfoliation methods and cCVD (including 
epitaxial growth).
173
 Mechanical cleavage is the most widely known method of 
graphene preparation due to the enormous attention given to the isolation of free 
standing graphene by Geim and Novoselov.
174, 175
 This methodology incorporates 
a series of techniques that are simple in concept and have been shown to produce 
high quality graphene.
176
 Examples of mechanical exfoliation methods include 
the repeated peeling of graphite with adhesive tape until a single graphene sheet 
remains
174
 or the rubbing of graphite against a hard surface.
175
 However, as these 
methods struggle to produce areas over 500 µm
2
 and certainly not on the cm 
scale, their use is realistically limited to research only.  
Although several chemical exfoliation routes for graphene production 
have been shown, by far the most common is the use of graphene from graphite 
oxide.
173
 This is a complex multi stage process which begins with the oxidation 
of graphite with strong oxidants, which significantly disrupts the sp
2
 lattice 
introducing a range of functional groups, rendering the individual graphene oxide 
sheets hydrophilic. Sonication in water fully exfoliates the graphite oxide, 
leaving a suspension of graphene oxide sheets. Due to the level of lattice 
disruption, graphite oxide is insulating, however chemical reduction restores 
conductivity to the graphene.
173
 This method provides an effective means to 
create bulk quantities of graphene but unfortunately the graphene produced is not 
pristine and, despite reduction, is functionalised with oxygen containing 
functional groups.
177, 178
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The use of cCVD using bulk metal catalysts (evaporated layers or foils) 
allows the growth of large areas of pristine graphene with a low defect density. 
Early reports utilised polycrystaline Ni catalysts,
179-181
 but the graphene produced 
consisted of small grains with multi layers at the grain boundries.
181
 This is in 
part because Ni catalyses graphene growth by an absorption-precipitation 
mechanism, where carbon absorbs into the bulk Ni and precipitates out on 
cooling.
182
 With this mode of growth it is difficult to control layer thicknes, often 
resulting in multi-layered structures.
180, 181
 By using Cu foil as a catalyst Ruoff et 
al
183
 were able to synthesise large area (1 cm
2
) graphene which was 
predominantly single layer (Figure 1.18 (a, b)). These structures grew 
continuously across steps and grain boundries without an increase in the number 
of layers. This is possible as on Cu growth occurs by a self limiting surface 
catalysed process. This effect was subsequently reproduced by many others.
184, 
185
  
 
Figure 1.18 – CVD graphene: a) SEM and b) optical image of single- (red circle), bi- (blue 
circle) and few-layer (green arrow) cCVD grown graphene on Si/SiO2.
183
 c) Representitive 
transfer process of graphene from metal catalyst to Si/SiO2.
182
 d) Transfer process for large area 
(35 inches diagonal length) graphene onto polymer supports e) 30 inch diaganol length 
(predominantly single layer) graphene sheet on polyethylene terephthalate (PET).
186
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 Although growth of graphene on metal substrates is effective, for most 
applications it is necessary to have graphene on an insulating support, meaning 
the graphene must be transferred. This commonly involves supporting the 
graphene with a polymer film while the metal underlayer is disolved, transfering 
the graphene/polymer onto the insulating substrate and dissolving the polymer 
away, a schematic of which is shown in Figure 1.18 (b).
182, 187
 Unfortunately this 
process  can easily damage and contaminate the graphene. Transferred graphene 
is commonly heavily contaminated with residues left from the PMMA or other 
polymer supports (e.g. polycarbonate, PC) used to support it during transfer
188, 189
 
despite lengthy dissolution in organic solvents. This is because strong dipole 
interactions between the poly(methyl methacrylate) (PMMA) and graphene 
surface are hard to overcome.
190
 Furthermore dissolution, solvent rinsing
188
 and 
poor interaction between the graphene and insulating substrate
183, 189
 can cause 
the graphene to rip and tear during the transfer process. This contamination is an 
especially significant problem when the graphene is to be used for 
electrochemical applications, including fundamental understanding, as blocked 
electrode surfaces and thin surfaces layers are known to adversely affect ET.
118, 
143, 191
  
Another issue with transferred CVD graphene is that it has the tendancy 
to ‘wrinkle’ on the surface post transfer. This has been shown to be caused by 
two effects, the first being that graphene contracts to a lesser extent than its metal 
catalyst during post CVD cooling, i.e. thermal relaxation.
192
 This causes the 
graphene to corrogate on the metal surface even before transfer.  Wrinkling is 
also caused because graphene grows across the entire metal catalysts surface.  As 
this surface tends to have a degree of roughness a larger area of graphene grows 
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than the geometric area of the catalyst. When this graphene is transferred to an 
insulating substrate and the supporting polymer is dissolved, the graphene folds 
up, causing wrinkles.
193
  It has been shown previously that wrinkles formed in 
mechanically exfoliated SLG have lower electrical conductance than other 
graphene regions.
194
 It is therefore likely that these similar wrinkles in CVD 
grown graphene also effect the electrical properties of graphene. 
Despite these challenges, Ahn et al.
186
 have developed a method for the 
preparation and transfer of CVD grown SLG, with a diagonal cross sectional 
length of  30 inches (Figure 1.18 (d and e)), onto a transparent polymer. 
However, this method is also considered to contaminate graphene with residues 
from the thermal release tape used
188
 and introduces defects into the graphene 
structure.
195
 
1.7.3 Graphene characterisation 
Although TEM and STM are useful techniques for the characterisation of 
the atomic structure of graphene, they are not trivial to perform and are therefore 
less useful for routine graphene characterisation. Like CNTs, graphene exhibits a 
unique micro-Raman spectrum and can also be studied by AFM. It has also been 
found that when graphene sits on Si with specific SiO2 thickness optical 
microscopy can be used to differentiate between SLG, BLG and FLG (Figure 
1.19).
176, 196
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Figure 1.19 – Graphene characterisation: a) AFM image of mechanically exfoliated graphene, 
SLG height is ca. 4 Å.
175
 Optical microscopy images of graphene of on Si with a 300 nm thick 
oxide layer, images with white (b) and green (c) light.
196
 Micro-Raman spectroscopy of graphene 
1 to 4 layers thick (d) with a  magnification of the 2D region (e) showing the peak splitting due to 
layer stacking.
197
 
The ability to resolve the difference between numbers of graphene layers 
by optical microscopy was vital to the initial isolation of this material, as it 
allowed the fast interrogation of mechanically exfoliated samples.
176
 This is 
possible as graphene is optically transparent enough to allow transmission of 
light, resulting in a slight interference causing a layer dependent shift in colour. It 
is even possible to differentiate between SLG and BLG.
174, 176, 196
 This effect is 
heavily dependent on the thickness of oxide on the Si, for a fixed wavelength 
light source it was shown that a 5 % change in layer thickness (315 nm rather 
than the standard thickness of 300 nm) rendered SLG totally invisible.
174
 This 
work was expanded to show that a combination of the oxide thickness and 
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wavelength of the incident light determined the graphene contrast, with green (λ 
= 560 nm) light producing the best contrast on Si with 300 nm oxide and blue (λ 
= 410 nm) light best for 200 nm thick oxides (Figure 1.19 b & c).
196
 
 A micro-Raman spectrum of graphene shows the same characteristic 
peaks as other graphitic materials, including HOPG and CNTs. The only first 
order Raman process in the graphene micro-Raman spectrum is the G peak 
(~1580 cm
-1
) caused by in-plane sp
2
 lattice vibrations. Both the 2D peak (also 
known as G’, ~2700 cm-1) and the D peak (~1350 cm-1) are second order Raman 
processes. However, the process which causes the D peak involves a lattice 
defect and is therefore indicative of disorder; the 2D peak is not indicative of 
defects and is present in pristine sp
2
 structures.
172, 198
 It was quickly realised after 
the isolation of SLG that the shape and position of these peaks, particularly the 
intensity ratio of the G and 2D peaks and the breadth and position of the 2D 
peak, could identify the number of graphene layers.
198
  
Ferrari et al. performed micro-Raman spectroscopy on mechanically 
exfoliated SLG, MLG and FLG, which was characterised by TEM, and 
determined the difference in their spectra. They first showed there was no D peak 
when spectra were taken at the centre of flakes, only appearing when edges were 
investigated. This indicated the graphene was of very high quality and had very 
few defects. Furthermore, they showed that the 2D peak dramatically changes in 
shape and intensity with increasing number of graphene layers. In multi-layered 
graphene this peak is made up of multiple, less intense, peaks in the same region 
due to interactions between layers.  SLG showed a single and sharp 2D peak, 
which was ca. 4 times as intense as the G peak, occurring below 2700 cm
-1
 (514 
and 633 nm wavelength laser). BLG has a much broader, up-shifted (to ca. 2700 
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cm
-1
) and less intense 2D peak. Above 5 graphene layers the micro-Raman 
spectra became difficult to distinguish from bulk graphite.
198
 This analysis was 
later confirmed by others (Figure 1.19 d & e).
172, 197
   
1.7.4 Graphene electrochemistry 
The use of SLG as an electrode material is still in its infancy, however, 
there is on-going debate over its fundamental electrochemical properties, 
originating from the discrepancies in interpretation of data from the of HOPG 
and CNTs electrochemical studies.  Using both mechanically exfoliated and 
CVD synthesised graphene Abruna et al.
199
 investigated the voltammetric 
response of FcMeOH. They found the current response directly scaled with 
electrode area and determined a k0 of 0.5 cm s
-1
 for the mechanically exfoliated 
sample by interpretation of CVs at different scan rates. This value was two orders 
of magnitude higher than the value they found at the basal plane of freshly 
cleaved bulk basal plane graphite using the same methodology. The authors 
attribute this increased activity to corrugations in the graphene surface, which 
activate the surface due to strain, although little evidence for this is shown. Dryfe 
et al.
200
 also investigated ET at mechanically exfoliated SLG and BLG, but fully 
insulated the edges of the samples, leaving only basal planes exposed. Using the 
Fe(CN)6
3-/4-
 couple they found quasi-reversible behaviour on both SLG and BLG 
however they found k0 to be higher with SLG (1.2 × 10
-3
 cm s
-1
) which was twice 
that found for a defected multilayer graphite. They also showed that defects in 
the SLG did not improve the voltammetric response.  
Conversely, Banks et al.
201
 found, using voltammetry, that the 
electrochemistry of CVD grown graphene investigated while still on the 
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polycrystalline Ni surface, to be dominated by graphitic ‘islands’ on the graphene 
surface, i.e. multilayer structures. It is claimed that the ‘basal surface’ of these 
structures are relatively inert with ET only occurring at defects and edge planes. 
Similarly Pumera et al.
202
 found CVD grown (on Ni) multilayer graphene 
transferred to polymer showed slow ET (k0 = 5.3 × 10
-3
 cm s
-1
, Ru(NH3)6
2+/3+
), 
more than an order of magnitude slower than to BPPG.  However, when SECCM 
was performed, using FcTMA
+/2+
, on very similar structures transferred onto 
Si/SiO2 by Güell et al.
203
 ET was shown to occur uniformly over graphene 
flakes, not just at edges. They did however, find that the rate of ET was slower 
on SLG (k0 ~ 0.15 cm s
-1
) increasing with number of layers (4 layers k0 ~ 0.25 
cm s
-1
)  and becoming essentially reversible (> 7 layers k0 ~ 0.55 cm s
-1
). 
It is clear from these early studies that consensus on the ET characteristics 
of graphene has not yet been reached. Studies using CVD grown graphene 
currently cause the greatest disagreement,
201-203
 possibly due to problems with 
growth and transfer contaminating the samples. When mechanically exfoliated 
samples are studied relatively fast ET is found.
199, 200
    
1.8 Aims and objectives 
As detailed in this introductory chapter, carbon nanomaterials have huge 
potential for electrochemical applications, but their eventual performance 
depends heavily on their careful preparation and characterisation.  
Although there is increasing acceptance of the fundamental electrochemical 
activity of SWNTs (even at closed ends and sidewalls), the majority of reports 
regarding electrochemistry and electrochemical applications of SWNT are still 
based around the premise that CNTs are only active at defects and open ends. It 
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is therefore essential that experiments are performed on pristine SWNT which 
have been carefully synthesised and fully characterised, to first fully elucidate the 
inherent electrochemical activity of this material and then apply this knowledge 
to industrially relevant problems (e.g. catalysis).  Analogously, as the ‘graphene 
revolution’ is still in its early stages, it is also essential that the electrochemical 
activity of this material is researched with the same rigorous procedures; and 
materials are carefully characterised in order to interpret the resulting 
electrochemical behaviour.  
The most fundamental aim of this thesis is the synthesis by cCVD of 
carbon nanomaterials, namely SWNT and graphene, discussed in Chapter 3. 
Preparation by cCVD has many advantages over other techniques, producing 
high quality structures in quantities that are applicable to both research and 
industry with great control. The structures produced are characterised using a 
range of techniques including optical, electron and scanning probe microscopy, 
which are complemented by spectroscopic techniques meaning any 
electrochemical conclusions that are drawn in later work are based on an 
excellent understanding of the graphitic structure.    
The fundamental electrochemical activity of vertically aligned SWNT 
forests is investigated (Chapter 4) using a nano-scale capillary technique which 
will allow the separation of the SWNT ends and sidewalls to be probed 
separately. This method negates the need for any post growth sample processing, 
e.g. lithography, meaning the SWNT are in the as grown pristine state. Studies in 
this chapter focus on the use of fast electron transfer outer sphere redox couples 
(Ru(NH3)6
3+/2+
 and FcTMA
+/2+
). 
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The next two chapters utilise the knowledge gained about the 
electrochemical properties of SWNT with the aim of investigating 
electrocatalytic reactions, specifically the ORR and MOR which are both inner 
sphere redox processes. In Chapter 5 the activation of SWNT forests towards the 
ORR and a series of other complex processes, through the systematic application 
of electrochemical pre-treatment at anodic potentials, is discussed. This work 
provides insight into the effect of defect creation, which is demonstrated using 
micro-Raman spectroscopy, has on mediators where the electrode surface 
chemistry is important.  The use of structurally pristine SWNT, rather than those 
that have been purified, provides a significantly improved baseline over previous 
studies.  
In Chapter 6 2D SWNT networks are used as templates for the 
electrodeposition of Pt NPs, which are then used as catalysts for the ORR and 
MOR. As Pt is an incredibly expensive catalyst material it is necessary to utilise 
it to its fullest, meaning no more than is absolutely necessary should be used. 
Through the use of microcapillary based electrodeposition the optimal Pt loading 
for each reaction is investigated, taking advantage of the unique properties of the 
SWNT network.    
Finally, in Chapter 7 the microcapillary electrochemical method is 
adapted to allow generation/collection electrochemical measurements to be 
performed. By using high aspect ratio carbon fibre ultramicroelectrodes as a 
second working electrode, within the meniscus formed by the capillary, this work 
aims to demonstrate a simple, yet versatile technique for the investigation of 
complex surfaces and processes. 
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2  
 Experimental 
In this chapter the methodologies, experimental procedures and 
instrumentation used throughout this thesis are detailed. This includes the 
synthesis, characterisation and electrode fabrication of SWNT and graphene.  
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2.1 SWNT catalyst preparation 
2.1.1 2D SWNT networks  
Si/SiO2 was cleaved into ca. 1 × 1 cm squares from a 4” diameter wafer 
(IDB Technologies Ltd, n-type, 525 mm thick with 300 nm of thermally grown 
oxide) by scratching (polished face) with a diamond scribe at the wafer edge and 
applying a small force to the reverse, causing breakage along defined 
crystallographic directions. These substrates were cleaned to remove 
contaminants by washing with acetone (99%, Fisher Scientific), and then 
immediately rinsing with propan-2-ol (99.99%, Fisher Scientific) before the 
acetone evaporated, to prevent visible drying marks. The propan-2-ol was blown 
from the surface with N2 before it dried, again stopping drying marks. The 
Si/SiO2 was placed (polished oxidised face upwards) on top of a flat Teflon 
block, in preparation for catalyst deposition. 
Ferritin (Sigma-aldrich, 125 mgferritin ml
-1
 in saline solution), a naturally 
occurring Fe storage protein,
1
 was diluted with 18.2 MΩ cm at 25 °C Milli-Q 
(Millipore Corporation) water (all DI water conforms to these specifications) to a 
number of different concentrations as this dictated SWNT network density. 
Common dilution factors were 1 part ferritin solution to 150 or 500 parts DI 
water. The catalyst was thoroughly mixed by sonication before the solution was 
pipetted on top of the Si/SiO2 until it covered the whole surface, right to the edge 
of the substrate. This was then left for 30 mins to allow the ferritin to disperse on 
the surface. The underlying hydrophobic Teflon acts to stabilise the droplet by 
stopping it leaking from the Si/SiO2 substrate. After this time had elapsed a 
steady and gentle flow of N2 was used to blow the solution droplet from the 
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surface. The Si/SiO2/ferritin was then exposed to an oxygen plasma (K1050X 
plasma asher, Emitech, UK; O2 pressure 6 × 10
−1
 mbar, 100 W) for 2 mins to 
remove the protein shell from the ferritin NPs, leaving discrete Fe NPs on the 
surface.
2-4
 
2.1.2 Very high density (VHD) SWNT networks  
Si/SiO2 was prepared and cleaned as discussed above, but  then placed in 
a table top sputtering system (1 kV, 10 mA; Quorum Technologies SC7640 
sputter coater) fitted with a Co target (99.95%, Testbourne Ltd. UK). NP density 
was varied by varying sputtering time. For very high density (VHD) networks 
(complete ‘mats’ of SWNT on the Si/SiO2 surface) Co was deposited for 30 
seconds.  
2.1.3 3D SWNT forests 
A polished silicon wafer with a natural oxide (n-type, 525 μm thick, IDB 
Technologies Ltd, UK) was deposited with a 10 nm thick layer of aluminium by 
sputtering (Plassys, MP 900S) by Dr David Burt at the University of Glasgow, 
Dept. of Engineering. This substrate was cleaved and cleaned with 
acetone/propan-2-ol post Al deposition and exposed to an oxygen plasma for 2 
mins to both remove adsorbed surface contamination and to fully oxidise the Al 
surface. Co was deposited for 180 s using the table top sputtering system.  
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2.2 SWNT Growth by cCVD 
2.2.1 CVD systems 
Two CVD systems were utilised to grow SWNT, namely the ‘hot wall’ 
and ‘cold wall’; schematics of which are shown in 2.2.1. The hot wall CVD 
consisted of a programmable split tube furnace (Lindberg/Blue M, Thermo 
scientific) fitted with a quartz tube (25 mm O.D, 50 cm length, 1.5 mm thick 
walls, Enterprise Q ltd., UK) into the centre of which growth substrates were 
inserted by removing the cover on the exhaust end of the tube and pushing in on 
top of a ‘boat’ consisting of a 3 mm thick quartz plate. Process gases entered at 
one end of the tube and were vented to a fume hood from the other. Gas flow was 
controlled using mass flow controllers (MFCs)(MKS instruments ltd., UK, 
1179A) attached to an analogue control system (MKS instruments ltd., UK, Type 
247).   
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Figure 2.1 - Schematic and pictures of the cCVD systems used to grow SWNT (not to scale). 
The cold wall CVD system was designed in collaboration with and 
custom built by Moorfield Associates and consisted of a heater element 
supported in a ceramic surround which was also fitted with a thermocouple. The 
heater was inserted into a metallic tube into which the process gases were fed at 
one end and the other had a feedthrough for electrical supply (for the heater) and 
the thermocouple. Process gasses exit from a vent on the side of the tube, this 
exit was also fitted with a diaphragm pump (KNF Neuberger ltd., UK, 
PME6634) which was used to purge the chamber (pump, backfill with Ar, pump) 
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before growth. Gas flow was controlled with MFCs connected to a digital control 
system (MKS instruments ltd., UK, Type 647C). The heater temperature was 
controlled (by PID control loop) by an external controller (Moorfield 
Associates).  Both of the above systems utilised ethanol (EtOH, 99.99%, Fisher 
Scientific) vapour as a carbon source, which was created by bubbling Ar through 
a flask of EtOH which was maintained at 0 °C by insertion in an ice bath. 
2.2.2 Generalised cCVD growth procedure 
The first step to any growth procedure was to insert the growth substrate 
into the CVD chamber after which a purge procedure was performed. For the hot 
walled CVD system this purge consisted of flowing 1000 standard cubic 
centimetres per minute (sccm, i.e. flow rate in cubic centimetres at standard 
temperature/pressure) H2 (99.995%, BOC) for 5 mins at room temperature. The 
cold wall CVD system was purged by pumping the chamber for 2 mins, turning 
off pump, flowing Ar (99.9995%, BOC) 1000 sccm for 2 min, stopping Ar flow, 
and then repeating twice more.  
Figure 2.2 shows a graphical representation of a generic cCVD growth 
scheme which follows a purge routine. T 1 and 2 are process temperatures, t 1 to 
4 are process times and G 1 to 5 are process gas mixtures, values for different 
growth procedures can be found in Table 2.1.  
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Figure 2.2 - Graphical representation of a generic cCVD growth scheme, t1-4 represent process 
times, G1-5 represent process gas mixtures, T1 and 2 represent process temperatures (not to 
scale). See Table 2.1 for T, t and G values.  
 In a generalised cCVD growth the substrate first is heated from room 
temperature (RT) to T1 under a gas flow defined by G1 in time t1. The oven is 
then heated to the growth temperature (T2) more slowly (t2) and held there (t3) 
to allow catalyst stabilisation. The scheme then entered the ‘growth stage’ where 
the carbon containing feedstock (Ar/EtOH, G4) was introduced for a set period 
of time (t4). After the growth time had elapsed the flow of Ar/EtOH was stopped 
(G5) and the chamber was allowed to cool to 200 °C under gas flow (G5). 
Substrates were then removed from the chamber. 
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Table 2.1 – CVD growth conditions for different SWNT structures 
2.3 Graphene growth by cCVD 
2.3.1 CVD system 
Graphene was grown using a commercial cCVD system (NanoCVD 8G) 
which was developed during this project in collaboration with Moorfield 
Associates (MA) and Dr Jon Edgeworth (University of Warwick and MA). The 
CVD system was developed from the cold wall system discussed in section 2.2.1. 
The apparatus was modified for reduced pressure (2 mTorr) growth by attaching 
a pump and pressure control system. Figure 2.3 shows the two systems.  
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Figure 2.3 – a) & b) low pressure cold wall CVD system, c) NanoCVD 8G commercial CVD 
system. 
 The commercial low pressure CVD system has a hot plate capable of 
reaching 1100 °C and automatically adjusts the temperature, gas flows and 
pressure automatically from a user defined program. It utilises Ar, H2 and CH4 
gases. A standard graphene growth using this system is discussed in section 
2.3.3. 
2.3.2 Substrate preparation 
Cu foils were cut into 1 by 1 cm squares from a larger foil (0.025 mm 
thick, 99.8 %, Alfa Aesar) using scissors. These foils were placed in acetone 
before sonication for 5 mins to remove any surface residues or contamination 
from manufacture. The foils were then removed from solution, rinsed with 
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acetone, then rinsed with propan-2-ol and dried with a flow of N2. Once fully dry 
the foil was submerged in a solution of HCl:water (1:4) at 50 °C for 30 seconds, 
which acts to further remove surface contaminants, oxides and layers added 
during manufacture to prevent oxidisation (e.g. chromium
5
). The foils are then 
submerged in and then rinsed with water and again dried with N2 flow. Prior to 
growth the Cu foils are flattened by placing them between glass slides (cleaned 
with acetone/IPA) and squeezing them in a vice, which removes macro scale 
roughness. 
2.3.3 Graphene growth by cCVD 
Unlike the atmospheric cCVD process described in section 2.2.2 the 
pressure is also controlled in the graphene growth regime. Controlling the system 
pressure was performed using two distinct modes, namely pressure control or 
flow control. With pressure control the user defines a pressure (up to 20 Torr) 
and the proportion (%) of Ar, H2 and CH4 flowing. The system then adjusts the 
total gas flow (keeping the proportions as defined) to maintain the required 
pressure. Using flow control the user defines the gas flow (sccm) and the 
pressure is allowed to change accordingly. A graphical schematic describing a 
standard cCVD growth procedure using copper foil as a catalyst material is 
shown in Figure 2.4. 
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Figure 2.4 – cCVD growth regime for graphene growth on Cu foil. 
 After a Cu foil has been placed into the growth chamber a purge regime 
was performed, where the system was pumped and then back filled with Ar, five 
times. When the purge was complete the growth program was started, beginning 
by heating to 900 °C under flow controlled Ar and H2 as quickly as possible 
before maintaining the temperature for 2 mins to stabilise the catalyst. The 
temperature was then increased to 1000 °C as quickly as possible under the same 
gas flow.  The pressure regime was changed to pressure control, maintaining the 
system at 10 Torr, which was allowed to stabilise for 30 s, before 5 % (of total 
gas flow) CH4 was introduced for 100 s promoting graphene growth. After the 
growth time had elapsed all gas flow was halted (temperature maintained at 1000 
°C) and the pressure allowed to return to its base value to facilitate the quick 
removal of carbon containing gas, halting growth. Before the chamber was 
cooled the system was returned to pressure control and Ar and H2 were 
reintroduced for 2 mins to allow time for surface reorganisation, facilitating the 
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production of higher quality graphene. The system was then cooled under Ar and 
H2 until 200 °C, when samples were removed.  
2.3.4 Graphene transfer 
The transfer of graphene to an insulating substrate (Si/SiO2 or quartz) was 
a prolonged, multi-stage process based on the procedure used by Ruoff et al
6
 and  
adapted with reference to other reports.
7
 The copper foil with graphene was stuck 
(graphene face up) onto a square of glass with Gel-Pak (Gel-Pak, California) 
before poly(methyl methacrylate) (PMMA, 1 g PMMA Mw ~ 996 000, Sigma 
Aldrich Co. in 10 ml chlorobenzene) was spin-coated onto the surface (2000 
rpm, 45 s). The coated foil was then placed into a desiccator and dried under 
vacuum for 1 hour. When dry, the reverse side of the copper (side which was 
face down on heater) was gently polished with sand paper (Struers waterproof 
silicon carbide paper #4000) to break any graphitic coverage from cCVD and 
then floated onto ammonium persulphate (0.1 M) with the bare copper facing the 
solution and the graphene/PMMA facing upwards. This was left overnight, by 
which time the copper had dissolved leaving the graphene/PMMA floating on the 
surface of the solution. The graphene/PMMA was cleaned by repeatedly moving 
it to fresh water (six times). This was performed using ‘the spoon technique’ 
where a plastic spoon was used to scoop the sample from the solution surface, 
leaving it floating on a small volume solution and then carefully floating it onto 
clean water. The graphene/PMMA was then ‘scooped’ from the water surface 
using a clean (acetone, IPA, N2) insulating substrate and allowed to dry in air on 
a non-absorbent surface. When dry the graphene/PMMA was heated to 180 °C 
for 1 hour, which flattened the graphene, which was then allowed to cool. 
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PMMA was then removed from the surface in acetone at 50 °C. A schematic of 
the graphene transfer process is shown in Figure 2.5. 
 
Figure 2.5 – A schematic of the processes required to transfer graphene. 
2.4 Characterisation techniques 
The following section details techniques that were used to characterise 
SWNTs and graphene post cCVD growth. 
2.4.1 Optical microscopy 
Optical microscopy was performed using an Olympus BH2 optical 
microscope fitted with lenses allowing ×50 to ×1000 magnification. 
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2.4.2 Field-emission scanning electron microscopy (FE-SEM) 
FE-SEM images were acquired using a Zeiss SUPRA 55 VP FE-SEM 
using a 1 kV accelerating voltage (5 kV was used for VHD SWNTs). The tilted 
stage was utilised to take images of SWNT forests. As FE-SEM is known to 
contaminate surfaces images were routinely taken post electrochemical 
measurements.  
2.4.3 Transmission electron microscopy (TEM) 
TEM images were taken using a Jeol 2000FX TEM with a 90 kV 
acceleration voltage. Images were captured using a Gatan ORIUS 11 megapixel 
digital camera. SWNTs were deposited onto lacey carbon film coated TEM grids 
(Agar Scientific). 
2.4.4 Atomic force microscopy (AFM) 
AFM images were recorded using a Bruker AXS Enviroscope with 
Nanoscope IV electronics, in tapping mode. Bruker MPP-21100-10 AFM tips 
were used. Resolution in AFM images of SWNT is significantly higher in the z-
plane as tip convolution broadens the image in the x- and y- planes. Hence 
SWNT diameters were always measured via SWNT height.  
2.4.5 Micro-Raman microscopy 
Micro-Raman spectra were collected using a Renishaw inVia Raman 
microscope fitted with a CCD detector and either a 633 nm HeNe or a 514 nm 
Ar
+
 laser (10 mW power) with a spot size of 3 μm. Before measurements the 
spectrometer was calibrated using the Si peak at 521 cm
-1
. 
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2.4.6 X-ray photoelectron microscopy 
XPS spectra were taken using a Scienta ESCA300 photoelectron 
spectrometer, with a monochromated rotating anode Al Kα X-ray source at the 
National Centre for Electron Spectroscopy and Surface analysis, Daresbury 
Laboratory, UK. 
2.4.7 SWNT network density calculation 
SWNT network density was calculated from FE-SEM images taken at a 
minimum of 3 areas of a SWNT network (10000 × magnification). These images 
were cropped to leave just the image area and the colour of the images was 
inverted using the freeware software ImageJ. The images of SWNT networks 
were analysed using in-house written software (Anthony Holmes) which used the 
contrast of the images to estimate the length of SWNT in the image, outputting a 
total length in pixels. By measuring the length of the scale bar provided on the 
FE-SEM images in pixels, using ImageJ, the length of the SWNT was converted 
into µm, which can be divided by the image area to give a µmSWNT µm
-2
 value. A 
mean value from all images was then calculated. This is summarised in Figure 
2.6. 
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Figure 2.6 – Summary of the SWNT network density calculation process, from a) FE-SEM image, 
b) colour inversion and c) density calculation. 
2.5 Substrate preparation 
2.5.1 Evaporation of gold contacts 
An electrical connection to SWNT networks and forests was achieved 
through a gold band, prepared by the evaporation (Moorfields MiniLab 060, 
Moorfield Associates) of a band of 2 nm Cr (to aid adhesion) followed by 60 nm 
(2D networks) or 200 nm (3D forests) of Au. The bulk of the SWNTs were 
protected during evaporation by a mask created by supporting a piece of Si just 
above the substrate surface with a Si/SiO2 stack (Figure 2.7) which stopped any 
Au from coating the area covered. 
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Figure 2.7 – Schematic of masking and evaporation of gold onto SWNT networks and forests. 
2.6 Electrochemical measurements 
The vast majority of the electrochemical measurements featured in this 
thesis were performed using capillary based electrochemical methods.
8-10
 These 
were utilised as they allowed many microelectrode experiments to be performed 
on the same surface without the need for lithographic processing. 
2.6.1 Microcapillary electrochemical method (MCEM) 
Electrochemical measurements were performed using the microcapillary 
electrochemical method.
8, 11
 A glass capillary (Harvard Apparatus, borosilicate 
glass, 1.2 mm O.D., 0.69 mm I.D.) was pulled to a sharp tip (Sutter instruments 
P2000 laser puller), polished on a wheel with 0.5 μm diamond lapping disk 
(Buehler UltraPrep) to reveal an aperture of 40 - 100 μm, characterised using 
optical microscopy and thoroughly cleaned with ultra-pure water. The outer 
walls of the capillary were rendered hydrophobic by immersion in 
dichlorodimethylsilane (Fisher Scientific) for 2 mins with high-purity Ar flowing 
through the capillary to prevent internal coating. The capillary was filled with the 
redox mediator of interest (in excess supporting electrolyte), and a quasi-
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reference/counter electrode (QRCE) (Pd-H2
12
 or Ag/AgCl). Different QRCEs are 
used as the Ag/AgCl QRCE is unstable in acidic conditions and the same applies 
for the Pd-H2 QRCE in neutral conditions.  
The substrate being investigated was connected as the working electrode 
and placed within a humidified glass cell. This cell consisted of a glass body 
which had a flat viewing window, fitted onto a Teflon base which had a raised 
central sample platform which allowed a moat below the sample for 
humidification. The capillary was lowered towards the substrate using an x-y-z 
micropositioner (Newport 433 series) while being monitored by a camera 
(PixeLINK PL-B776U). Once the capillary was approximately one radius above 
the surface, a quick tap on the micropositioner caused the electrolyte meniscus at 
the end of the capillary to ‘snap to contact’ with the surface, with no physical 
contact between the capillary and the substrate. Once contact had been made a 
CV was performed using a CHI instruments, model CHI730A, potentiostat. After 
the measurement was complete the capillary was withdrawn, moved to a new 
location and the process was repeated. All measurements were made at ambient 
temperature (23 ± 2 °C). Measurements could be performed under either aerated 
or deaerated conditions, by flowing hydrated (bubbled through H2O) N2 into the 
cell for 15 mins.   
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Figure 2.8 – Generalised schematic for a microcapillary electrochemical method (MCEM) 
measurement. Not to scale. 
2.6.2 Nano-scale capillary measurements 
The pipet tips were produced by pulling theta glass borosilicate pipets 
(Harvard Apparatus) using a Sutter instruments P2000 laser puller. Pipets were 
filled with the solution of interest and Ag/AgCl quasi-reference electrodes were 
placed in each barrel. Pipets of inner diameter ~400 nm were routinely employed 
herein and were accurately characterised using FE-SEM.  
The pipet was translated towards the surface using a piezoelectric actuator 
(Physik Instrumente (PI) Nanocube), in conjunction with in-house written 
software (labview). During approach, a potential bias, corresponding to the 
diffusion-limited oxidation/reduction potential of the mediator of interest was 
applied to one barrel of the capillary, whilst the substrate was held at ground. A 
current was sensed as soon as the meniscus at the end of the capillary established 
contact with the SWNT forest substrate; at this point the approach was 
automatically stopped and a CV was run. Both during approach and while on 
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surface the conductance current between the two barrels of the theta-pipet was 
used to monitor the state and stability of the meniscus. Changes in the size of the 
meniscus resulted in a change in the effective resistance between barrels and 
therefore the current measured. After the measurement was made the pipet was 
withdrawn, moved to another location and the process was repeated. 
2.7 Carbon fibre ultramicroelectrodes (UMEs) for 
generation/collection 
2.7.1 Fabrication 
The fabrication method used to produce polymer coated, high aspect ratio 
carbon fibre UMEs has been reported previously.
13
 A ca. 2 cm length of 8 μm 
diameter carbon fibre (Goodfellow Cambridge ltd.) was electrically connected to 
a copper wire using conductive silver paint (RS) leaving half of the fibre 
protruding from the end of the wire. This was fitted into a glass capillary 
(Harvard Apparatus, borosilicate glass, 1.2 mm O.D., 0.69 mm I.D.), leaving the 
fibre protruding from one end and the Cu wire from the other and the Cu end was 
sealed using epoxy resin (Araldite) and dried. The end of the capillary with the 
protruding carbon fibre was sealed using insulating paint, ensuring any metal (Cu 
or Ag paint) was covered. The carbon fibre was coated in polyoxyphenylene via 
electropolymerisation by submerging it into a 1:1, methanol (99.5%, Fisher 
scientific):water solution containing phenol (60 mM, 99.0%, BDH laboratory 
supplies), 2-allyl phenol (90 mM, 98%, Aldrich), 2-butoxyethanol (156 mM, 
99%, Lancaster) and Triton X-405 (0.3 mM, 70%, Acros organics) and applying  
4 V vs. Ag/AgCl quasi reference for 30 mins.
13
 The electrode was then annealed 
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at 150 °C for 30 mins. The UME surface was exposed by removing the end of 
the fibre with a scalpel.  
The carbon fibre UME was modified with Pt NPs by submersion in 0.5 M 
K2PtCl6 (99.99%, Aldrich) in 0.5 M HClO4 (70%, Acros organics) and cycling 
between 1.3 V and -0.05 V (vs. Pd-H2 quasi reference) to drive Pt nucleation for 
10 cycles.  
 
Figure 2.9 – Schematic of a carbon fibre UME. Not to scale.  
2.7.2 MCEM generation/collection experiments 
To perform generation/collection (G/C) measurements in the meniscus of 
a microcapillary, the carbon fibre UME was mounted on a second x-y-z 
micropositioner using a custom capillary holder, positioning it at a 45° angle to 
the surface. Once the meniscus from the microcapillary had formed on the 
surface (see section 2.6.1), the carbon fibre UME was carefully inserted from the 
side (Figure 2.10) with the aid of a high resolution camera. The UME cannot be 
in contact with the surface as this causes a current overflow on the potentiostat.  
 Electrochemical measurements were made by scanning the potential of 
the surface (working electrode 1, generation) while the UME (working electrode 
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2, collection) was held at a second potential.  Measurements were made with a 
CHI instruments, model CHI730A, bi-potentiostat. 
 
Figure 2.10 – Schematic of the microcapillary based generation/collection set up. Not to scale. 
2.8 Chemicals, reagents and materials 
Material Supplier/Details 
Substrates - 
Silicon wafer 4", 525 μm thick, <100>, 0.001 – 0.002 
Ω cm resistivity, n-type, single-side 
polished, IDB Technologies Ltd., U.K. 
Oxidised silicon wafer 4”, 525 μm thick, <100>, 1 – 10 Ω cm 
resistivity, n-type, single-side polished, 
300 nm thermally grown oxide, IDB 
Technologies Ltd., U.K. 
Copper foil 0.025 mm thick, 99.8 %, Alfa Aesar 
Solvents  
Acetone 99%, Fisher Scientific 
Propan-2-ol 99.99%, Fisher Scientific 
Ethanol 99.99%, Fisher Scientific 
Methanol 99.5%, Fisher Scientific 
Chlorobenzene ≥99.5 % Sigma Aldrich Co 
Gases - 
Argon 99.9995%, BOC Gases 
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Hydrogen 99.95%, BOC Gases 
Methane 99.995%, BOC Gases 
Oxygen 99.5%, BOC Gases 
Catalyst deposition from 
solution 
- 
Ferritin Sigma Aldrich Co, 125 mg ferritin (from 
horse spleen) per ml saline solution 
Graphene transfer - 
polymethyl methacrylate 
(PMMA) 
Mw ~ 996 000, Sigma Aldrich Co. 
Ammonium persulphate ≥98 % Sigma Aldrich Co. 
Catalyst deposition by 
sputtering 
- 
Co target  0.5 mm, 99.95%, Testbourne Ltd., U.K. 
Evaporation sources - 
Gold wire 99.99%, Goodfellow Cambridge Ltd. 
Chromium coated tungsten rod 99.9%, Goodfellow Cambridge Ltd. 
Capillaries - 
Borosilicate glass capillaries 1.2 mm outer diameter, 0.69 mm internal 
diameter, Harvard Apparatus Ltd. USA 
Borosilicate theta glass 
capillaries 
1.5 mm outer diameter, 0.13 mm wall 
thickness, 0.17 mm septum thickness, 
Harvard Apparatus Ltd. USA 
Chemicals for electrochemistry - 
(Ferrocenyl-methyl) 
trimethylammonium 
hexafluorophosphate 
(FcTMA
+
)PF6
-
 
Prepared via metathesis of FcTMA
+
I
-
 
(99%, Stern Chemicals Ltd., UK) with 
Ag
+
PF6
- 
(99.5%, Stem Chemicals Ltd., 
UK) 
Ruthenium  (III) hexaamine 
(Ru(NH3)6
3+
Cl
-
 
99%, Stern Chemicals Ltd., UK 
Potassium Ferrocyanide 
K4Fe(CN)6.3H2O 
≥99.99% Sigma-Aldrich Co. 
Iron (II) sulphate heptahydarte 
FeSO4.7H2O 
>99.0% Sigma Aldrich Co. 
Sodium Chloride (KCl) 99% Fisher Scientific 
Chemicals for metal deposition - 
Potassium 
Hexachloroplatinate(IV) 
K2PtCl6 
99.99%, Sigma Aldrich Co. 
Acids - 
Nitric acid 70 %, Fisher Scientific 
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Hydrochloric acid 37 %, Fisher Scientific 
Sulphuric acid 96%, Sigma Aldrich Co. 
Perchloric acid 70%, Acros organics 
Quasi-reference/counter 
electrodes 
- 
Silver wire 99.99%, 0.25 mm diameter, Goodfellow, 
Cambridge, UK 
Palladium wire 99.99%, 0.25 mm diameter, Goodfellow, 
Cambridge, UK 
Electropolymerisation solution - 
Phenol 99.0%, BDH laboratory supplies 
2-allyl phenol 98%, Sigma Aldrich Co. 
2-butoxyethanol 99%, Lancaster 
Triton X-405 70%, Acros organics 
Miscellaneous - 
Water <18 MΩ cm at 25°C Milli-Q, Millipore 
Corporation  
Table 2.2 – List of materials and chemicals used in this work. 
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3  
 Single walled carbon nanotubes and graphene: 
Growth and characterisation 
 In this chapter the growth of SWNTs in both 2D network and 3D forest 
formats is investigated, as well as the growth of graphene on copper foil and its 
subsequent transfer to insulating substrates; all for use in electrochemical 
applications. These materials are thoroughly characterised by AFM, FE-SEM, 
micro-Raman spectroscopy as well as other techniques where appropriate, 
including optical microscopy. 
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3.1 Introduction 
3.1.1 Carbon nanotubes 
As discussed in section 1.2.3 cCVD can be optimised to grow pristine 
(i.e. low defect density) CNTs directly onto insulating substrates (Si/SiO2, 
quartz) with minimal contamination from amorphous carbon.
1, 2
 As only a single 
catalytic NP is required per growing CNT, the total NP density can be kept very 
low; with the majority of any excess NP remaining electrochemically isolated 
from the insulating surface.
1
 This negates the need for any post-growth cleaning 
procedures, ensuring the CNTs remain unfunctionalised, unshortened and with 
their end caps closed.
3
 A further benefit of cCVD is that if the density of CNTs is 
above a certain threshold, the resultant ‘network’ will become metal-like, 
meaning it can be utilised as an electrode in the as-grown format.
1, 4-6
 In this 
electrode geometry only the electrochemical signal from the CNTs is observed 
i.e. no component from the support substrate making this an ideal substrate for 
the investigation of the intrinsic electrochemical properties of CNTs.
7, 8
 
As only 1 in 3 SWNT display metal-like behaviour
9, 10
 (the others being 
semiconductors) the electronic properties of a 2D-SWNT network are heavily 
dependent on network density.
1
 A semiconducting network is created at low 
densities by ensuring there is no continuous ‘metallic’ to ‘metallic’ SWNT 
conducting pathways through the network. By increasing the density of SWNT to 
the point where there is a continuous ‘metallic’ to ‘metallic’ SWNT pathway, the 
network then takes on metallic conduction properties,
1
 and increasing density 
even further increases the number of these pathways. The threshold between 
these two distinct points can be predicted through the theory of percolation.
11, 12
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3D forests are grown by cCVD when the growing SWNT density is so 
high that the tubes can no longer lie flat onto the surface, but are forced vertically 
upwards, perpendicular to the substrate.
13, 14
 In this case the density of SWNT is 
significantly above the density required for metallic network behaviour. 
However, reports utilising CNT forests as electrodes often use samples with high 
levels of amorphous carbon or defects
15, 16
 and post process the CNT to form the 
electrode,
15, 17
 rather than utilising them in the pristine state. 
In the first part of this chapter the controlled growth of different density 
2D SWNT networks and 3D SWNT forests by cCVD is described. The catalysts 
systems used in each synthesis are investigated and the resultant SWNT are 
characterised by FE-SEM, AFM, micro-Raman spectroscopy and XPS.    
3.1.2 Graphene 
As with CNTs, SLG can be isolated by a variety of techniques, each with 
its associated issues,
18
 as discussed in section 1.7.2. Isolation by chemical 
exfoliation is capable of producing bulk quantities of SLG, but creates a far from 
pristine material which is often functionalised with oxygen containing groups.
19, 
20
 Conversely, mechanical exfoliation produces a very high quality material, but 
in small quantities.
21, 22
 However, synthesis by cCVD has been shown to both 
produce high quality
23, 24
 and large area
25
 SLG, making this method an excellent 
synthetic route. Unfortunately, as SLG is usually grown in cCVD using metal 
catalysts
18
 (either foils or layers deposited by evaporation or sputtering) the SLG 
must usually be transferred to an insulating substrate before it can be utilised to 
avoid contribution from the underlying material. 
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Graphene transfer usually involves the coating of the as grown SLG with a 
polymeric support, commonly PMMA
26
 polycarbonate (PC)
27
 or 
polydimethylsiloxane (PDMS)
28
, etching the metal catalyst away, transferral to 
an insulating support and dissolving the polymer coating. During this process the 
SLG is very prone to damage
27, 29
 and contamination,
26, 29
 which can severely 
reduce the quality of the as grown SLG. This problem is especially significant for 
CVD grown SLG graphene samples intended for electrochemical applications as 
the remaining polymer can impede ET and it is well known that inner sphere ET 
can be strongly affected by the chemical state of the surface.
30, 31
 
3.2 2D SWNT networks results and discussion 
3.2.1 Catalyst nanoparticle deposition 
To grow SWNT by cCVD it is (in the vast majority of cases) necessary to 
utilise metal NP as a catalyst for carbon decomposition.
32
 The most commonly 
used metals are iron,
33-36
 nickel
37, 38
 and cobalt,
33, 39, 40
 although there have been 
reports using many others e.g. molybdenum
41
 and palladium.
42
 In this work 
SWNT were grown from both Fe and Co NPs, deposited onto Si/SiO2 by two 
different methods. Detailed descriptions of the catalyst deposition are given in 
section 2.1, but briefly, Fe NPs were deposited by a solution based method 
utilising the iron storage protein ferritin.
43, 44
 This covered the surface in pre-
formed Fe NPs, which were surrounded by a shell of protein, which was then 
removed by exposure to an oxygen plasma. Co catalyst was deposited through 
the sputtering of a sub-monolayer of Co onto Si/SiO2. Unlike ferritin deposition, 
with this method NPs were not formed until the sample was heated (Figure 3.1 a, 
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b). Because of this, sputtered catalyst deposition has advantages for the patterned 
growth of SWNT networks as thin films can be easily patterned via masking, 
although this is not demonstrated here. Figure 3.1 shows the different catalytic 
NP systems used for 2D network growth. 
 
Figure 3.1 – Different catalytic NP systems used for 2D network growth of SWNT (all on 
Si/SiO2). a) as deposited sputtered Co, b) Co NP formed by heating (a) to 850 °C under H2 flow, 
c) histogram showing the height distribution of Co NPs, d) as deposited ferritin (1:150, 
ferritin:water), e) resultant Fe NPs after exposing (d) to an oxygen plasma, f) resultant Fe NPs 
after deposition and exposure to an oxygen plasma of 1:500 (ferritin:water) g) histogram 
showing the height distribution of ferritin particles (as deposited), h) histogram showing the 
height distribution of Fe NPs (after oxygen plasma).  
 Figure 3.1 (a) shows an AFM image of a Si/SiO2 surface after it has been 
sputtered with a sub-monolayer of Co. It can be seen that this results in a flat, 
smooth surface, which is largely indistinguishable from uncoated Si/SiO2. 
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However, once this substrate is heated to 850 °C for 10 minutes in a H2 
atmosphere (to keep the Co in a reduced state), a surface rearrangement occurs 
allowing Co to diffuse across the surface and form particles, resulting in a 
relatively uniform coverage of Co NPs (Figure 3.1 (b)). From histogram analysis 
of these NPs (Figure 3.1 (c)) it is apparent that there is a relatively tight 
distribution in particle size, with the vast majority < 4 nm in height and the mean 
height being 2.1 nm. Co sputtering is ineffective at producing low densities of 
catalyst as the deposition of very thin films introduces significant error, reducing 
reproducibility. 
 In contrast to the as deposited Co, the as-deposited ferritin with its protein 
shell still intact (1:150, ferritin:water) is easily distinguishable from the Si/SiO2 
substrate (Figure 3.1 (d)). There is a wide particle size distribution, the majority 
between 2 and 10 nm, as seen in the histogram analysis (Figure 3.1 (g)). After 
this substrate has been exposed to an oxygen plasma the density of particles on 
the surface looks relatively unchanged (Figure 3.1 (e)), however from the 
histogram in Figure 3.1 (h) it is apparent that there is a slight reduction in the 
mean particle height from 6.6 to 5.4 nm, indicating that the protein shell has been 
removed leaving only the Fe core. This NP size correlates with the literature 
values for the size of the cavity in ferritin (5 – 8 nm),43, 44 particles seemingly 
larger than 8 nm in Figure 3.1 (f) are due to agglomerates. Literature also 
suggests that ferritin is rarely at its maximum iron storage capacity,
43
 which may 
go some way to explain the breadth of the particle height distribution. Fe NPs 
deposited from ferritin at a lower concentration (1:500, ferritin:water) are shown 
in Figure 3.1(f), demonstrating how the NP density can be controlled simply 
through ferritin concentration.  
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One advantage of sputtered Co deposition over Fe deposition from ferritin 
is that it allows for the deposition of very high densities of NPs (Figure 3.1 b), 
for growth of very high densities of SWNTs, which is not possible with ferritin 
deposition highly concentrated solutions tend to form NP agglomerates on the 
surface. 
3.2.2 2D SWNT network growth and network density evaluation 
2D SWNT networks were routinely grown on Si/SiO2, with the catalyst 
systems described above, using two different cCVD systems, namely, hot walled 
cCVD and cold walled cCVD. Details of these systems (including detailed 
growth schemes) are given in section 2.2, however as both systems produce 
equally high quality SWNT and there is little discernible difference in the 
networks produced, the term cCVD will be used interchangeably. A 
representative cCVD growth scheme is as follows. The substrate (with catalyst) 
is heated to 850 °C under H2 flow. Once this temperature has been achieved, 
argon which has been bubbled through a flask of ethanol (held at 0 °C to 
maintain a constant vapour pressure) is introduced for 10 mins, which acts as a 
carbon feedstock. After this time the argon flow is halted and the oven is cooled 
under H2 flow until it reaches 200 °C, when the samples can be removed (full 
growth schemes for all cCVD processes can be found in section 2.2.2).   
By tuning cCVD parameters including growth time, growth temperature, 
ratio of H2:carbon feedstock and total gas flow rates, it is possible to tune the 
network density of SWNT; factors which were investigated previously.
1
  Here 
the effect of catalytic NP density on the SWNT density is examined using fixed 
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growth conditions (section 2.2.2). Figure 3.2 shows AFM and FE-SEM images 
of SWNT grown from Fe NPs at two distinct densities. 
 
Figure 3.2 – 2D SWNT networks: AFM (a) and FE-SEM (c) of low density (2 μmSWNT μm
-2
) 
SWNT network grown using catalyst deposited from 1:500 ferritin:water. AFM (b) and FE-SEM 
(d) of high density (5 μmSWNT μm
-2
) SWNT network grown using catalyst deposited from 1:150 
ferritin:water.  
In the AFM images of the different density networks, shown in Figure 3.2 
(a) and (b), we see the catalytic NPs on the surface (as in Figure 3.1), however, it 
is apparent that the surface is also covered in randomly oriented SWNT. The 
arrows indicate instances where it is possible to observe a catalytic NP with a 
SWNT emerging from it, confirming SWNT growth by cCVD is catalysed by 
NPs. 
Depositing different densities of Fe NPs on the Si/SiO2 surface, by 
changing the concentration of ferritin in the deposition solution, is shown to 
grow SWNT networks of different densities. Here for ferritin concentrations of 
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1:150 and 1:500 (ferritin:water), SWNT network densities of 5 μmSWNT μm
-2
 and  
2 μmSWNT μm
-2
 result. These densities were calculated from FE-SEM images 
(Figure 3.2 c, d) taken at a minimum of three random locations on the network 
using the method described in section 2.4.7. Although SWNT have diameters on 
a scale that would usually be difficult to observe using FE-SEM, we are able to 
use this technique to image SWNT due to charging of the network,
45
 Although 
SWNT growth is reproducible with cCVD, there is usually some network density 
variation between samples, meaning each sample must be individually 
characterised. Network density can be measured from AFM images by 
measuring the total length of SWNT (in μm) and dividing by the total area (in 
μm2). However, as AFM images are often on a small scale (and are relatively 
slow to capture), this method does not often give the best estimate of the density 
of the network. 
Although calculating the density of SWNT networks is a convenient way 
to monitor the effect of growth conditions, it is important to link this quantitative 
value to the electrical characteristics of the network. Based on the theory of 
percolation, which describes the connectivity of randomly oriented ‘sticks’ on a 
2D surface,
11
 equation (3.1)
11
 describes the percolation threshold (ρth) at which a 
network of randomly oriented ‘sticks’, of a given length, will become connected, 
 
17.944
th
l
  (3.1) 
where l is the length of a  ‘stick’ (i.e. the length of a SWNT). This equation has 
been adapted to output in the units of μmSWNT μm
-2
 rather than a number density.  
 Equation (3.1) assumes all ‘sticks’ are straight, which is not the case for 
SWNT, however, it does allow for a good approximation of the density required 
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for a network to form. Unfortunately, it also assumes all ‘sticks’ are of a known 
and uniform length, which again, is not the case for SWNTs. From FE-SEM 
analysis an estimate of the mean length of SWNT is ~10 μm. This was estimated 
from measurement multiple SWNT (> 100) over multiple (> 5) SWNT networks 
and is the length used in all further calculations. However, when calculating ρth 
one must be aware that this is a potential source of error.  The ρth predicted by 
equation (3.1) is ~ 0.55 μmSWNT μm
-2
, meaning this is the density necessary for 
having a connected network, however, as it is known that only 1 in 3 SWNTs 
exhibit metallic behaviour,
9, 10
 this density would only be high enough to create a 
semiconducting network, i.e. ρth
semiconducting 
 0.55 μmSWNT μm
-2
. To create a 
metallic network the density must be high enough that each SWNT is contacted 
by 3 others to ensure a metallicSWNT to metallicSWNT contact, therefore ρth
metallic
  
1.65 μmSWNT μm
-2
. It is apparent, therefore, that although the SWNT networks in 
Figure 3.2 are different densities, both are above ρth
metallic
. 
To grow SWNTs of a density where they transition from a 2D network to 
a ‘mat’ of SWNT that cover the bulk of the surface and pile on top of one 
another (known as very high density, VHD), a higher density of NPs was 
essential. Agglomeration of ferritin renders high density NP deposition from 
solution problematic, therefore Co sputtering is used to form NPs. The AFM 
image in Figure 3.1 (b) shows this method produces a uniform, high density of 
NPs.    
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Figure 3.3 - 2D VHD SWNT networks: FE-SEM (a) and AFM (b & c) of a very high density 
SWNT network. 
 SWNT networks with VHDs were grown in the hot walled cCVD system 
from Co NP catalysts (as discussed in 3.2.1) with a growth scheme discussed in 
section 2.2.2. Figure 3.3 (a) and (b) show FE-SEM and AFM images respectively 
of a VHD SWNTs network on the same magnification scale as the images shown 
in Figure 3.2. On this scale it is difficult to discern individual SWNT as the 
network density is so high, in areas forming layers multiple SWNT thick. In 
Figure 3.3 (c) a 1 × 1 μm AFM image of this network is shown and on this 
smaller scale it is easier to resolve SWNT network density. It is obvious that the 
density here is significantly above ρth
metallic
, although calculation of the actual 
density is not trivial due to difficulty in resolving SWNTs in FE-SEM images, 
meaning density cannot be calculated as described in section 2.4.7. However, by 
measuring the SWNT length in Figure 3.3 (c), it is estimated that the network 
density is > 20 μmSWNT μm
-2
. 
3.2.3 Micro-Raman spectroscopy 
Micro-Raman spectroscopy was routinely used to characterise SWNT 
networks, including the 5 μmSWNT μm
-2
 and VHD SWNT networks discussed in 
section 3.2.2 (shown in Figure 3.4). This technique can be performed on the CNT 
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on the Si/SiO2 surface, meaning it is ideal for routine characterisation. SWNTs 
and MWNTs display micro-Raman spectra with different characteristic peak 
shapes
46, 47
 which means they can be distinguished from each other. There are 
two major features of a SWNT micro-Raman spectrum that differentiates it from 
that of a MWNT. The presence of radial breathing modes (RBM) between 100 
and 350 cm
-1
 caused by the vibration of carbon in the radial direction of the 
SWNT, not possible in a MWNT due to concentric layers, is one of these. The 
other is a shoulder on the G band at 1585 cm
-1
, a peak which is indicative of sp
2
 
carbon. In the spectrum for a MWNT this peak would have a single Lorentzian 
lineshape, however the spectrum of a SWNT network has two peaks due to the 
presence of both semiconducting and metallic SWNTs. 
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Figure 3.4 – Typical Micro-Raman spectroscopy (laser wavelength 514 nm) of metallic (all red 
lines) and VHD (all black lines) SWNT networks. a) Full range survey with the RBM, G, D and 
G’ peaks labelled. b) and c) magnification of the D and G peaks. d) and e) magnification of the 
RBM region.   
 Figure 3.4 (a) shows the micro-Raman spectra of a metallic SWNT 
network (5 μmSWNT μm
-2
) grown from Fe NPs (red line) and a VHD SWNT 
network grown from Co NP (black line).  The peaks marked with an (*) at 303 
cm
-1
,
 
521 cm
-1
 and 963 cm
-1
 originate from the Si/SiO2
 
substrate and not from the 
SWNT, however, they do act as a useful reference against which other peak 
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intensities can be measured. In both sets of spectra it is clear that the G peak has 
a shoulder and there are RBM, confirming that the networks consist of SWNTs, 
however further analysis allows more information about the networks to be 
found. 
 It is apparent that the magnitude of the signal from the two different 
samples is quite different, with the signal from the VHD sample approximately 1 
order of magnitude larger. Both spectra were captured using the same exposure 
parameters, resulting in the Si/SiO2 peaks at 521 cm
-1
 being of comparable 
heights (565000 and 569000), demonstrating that exposure effects are not the 
cause of this apparent difference. Normalised peak height has been demonstrated 
previously as a method for characterisation of SWNT network density,
1
 but the 
data here cannot be directly correlated to this work. However, this work did show 
that the normalised peak height scales linearly with network density. As the 
metallic network density was calculated as 5 μmSWNT μm
-2
 and the normalised 
peak height for the VHD sample is ca. 1 order of magnitude larger, the VHD 
network density could reasonably be estimated to be up to 50 μmSWNT μm
-2
.  
Micro-Raman spectroscopy can also be used to assess how ‘pristine’ the 
SWNT networks were, using the ‘D band’ at 1350 cm-1, which originates from 
sp
3
 carbon found at defects or in amorphous carbon deposits.
46, 47
 A 
magnification of this peak can be seen in Figure 3.4 (c) and (d). The higher the 
ratio of the magnitude of G peak to the magnitude of this peak, the cleaner 
SWNT network is. This ratio is 12:1 for the VHD SWNT, and 20:1 for the 
metallic density network, showing that in both cases the SWNT are very clean 
and have low defect densities. 
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A magnification of the RBM can be seen in Figure 3.4 (d) and (e) and the 
presence of many overlapping peaks is apparent. From analysis of the RBM it 
possible to calculate the diameters of the SWNTs being analysed. In a single-
SWNT micro-Raman spectrum, a single peak would occur in the RBM region as 
this peak is due to a vibration of the SWNT in the radial direction,
46, 47
 making 
the SWNT expand and contract as if it were ‘breathing’. Different diameter tubes 
require different excitation energies to cause this effect, resulting in a Raman 
shift dependence on SWNT diameter. The SWNT diameter (dSWNT) can be 
calculated using equation (3.2) 
46, 47
 
 SWNT
RBM
d   (3.2) 
where α is a proportionality constant experimentally found to be 248 cm-1 nm46, 
47
 and ωRBM is the RBM wavenumber (cm
-1
).   
 As shown in Figure 3.4 (d) the RBM appear as a broad peak between 100 
and 350 cm
-1
, which indicates dSWNT ranges from 0.7 nm to 2.4 nm, however, 
there are clear peaks within this range, the largest of which corresponds to a 
dSWNT of 1.3 nm, suggesting SWNT of this diameter, and those close to it, occur 
most frequently. To confirm this analysis, AFM was used to measure the height 
(in the z-direction) of more than 200 SWNT(across 5 SWNT networks) grown by 
cCVD from Fe NPs on Si/SiO2. A histogram of these data is shown in Figure 3.5 
(a).   
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Figure 3.5 – a) Histogram showing the distribution in diameter of SWNT grown from Fe NPs by 
cCVD. b) AFM image of SWNT network, black arrow indicates SWNT bundle, blue arrow 
indicates the SWNT bundle splitting into individual SWNT, height scale +/- 7.5 nm. c) Line trace 
showing SWNT bundle (black line) and individual SWNT (blue line). 
 The histogram in Figure 3.5 (a) shows that the significant majority of 
SWNT measured fit within the range of 0.7 to 2 nm, with the mean dSWNT being 
1.3 nm. The modal dSWNT is between 1 and 1.2 nm, which correlates precisely 
with the analysis from micro-Raman spectroscopy. It is also apparent from the 
histogram that CNT have been measured up to 4 nm, which could be interpreted 
as there being a small proportion of MWNT in the network. However, the AFM 
image in Figure 3.5 (b) demonstrates that these instances of high dSWNT are in fact 
due to SWNTs bundling, which can appear as a single CNT. The black arrow 
(and the black line segment shown in Figure 3.5 (c)) show a SWNT bundle 
which has a dSWNT bundle of ~ 4 nm, but as indicated by the blue arrow (and blue 
line segment) this bundle splits into 2 SWNT with dSWNT of 1.7 nm and 1.9 nm, 
further demonstrating that the whole network is made of SWNT. 
Interesingly, although the Co and Fe NP have a significantly different 
average particle sizes (2.1 and 5.4 nm respectively) the SWNT that are grown 
from them have a very similar dSWNT (both ~ 1.3 nm from micro-Raman 
97 
 
spectroscopy in Figure 3.4) suggesting that in this case there is not a precise 
correlation between catalyst and SWNT diameter, which has been observed 
previously.
1
 
3.3 3D SWNT forests results and discussion 
3.3.1 Catalyst system 
The growth of SWNT forests, where the SWNT density is so high that the 
SWNT are forced to grow vertically upwards, perpendicular to the substrate due 
to crowding effects, typically requires the use of a catalyst support material.
48-50
 
The role of this support material, most commonly oxidised aluminium 
(Al/Al2O3),
13, 51
 is to promote catalytic NP activity (and consequently CNT 
growth).
49-52
 The roughness of the Al2O3 has been shown to mediate the size of 
the catalytic NPs by reducing surface diffusion, stopping them from 
agglomerating therefore keeping them at an active size in a high density.
51
 In this 
work we did not aim to investigate the mechanism by which Al/Al2O3 promotes 
CNT growth, but undertook thorough characterisation of the catalyst and support 
surface to ensure optimum substrates could be replicated.   
Details regarding the preparation of the SWNT forest catalyst system can 
be found in section 2.1.3, however, in all cases the catalyst was prepared by 
sputtering 10 nm of Al onto Si (with a native oxide layer), which was then 
oxidised in an oxygen plasma for 2 mins to fully oxidise the surface and remove 
adsorbed contamination. This substrate was then sputtered with Co for 180 s (6 
times the sputtering time used for the VHD samples) which formed into NPs on 
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heating in the cCVD growth chamber. AFM images of the catalyst system after 
each of the aforementioned stages can be seen in Figure 3.6.  
 
Figure 3.6 – SWNT forest catalyst system a) as deposited Al b) Al after exposure to oxygen 
plasma 2 mins c) Al/Al2O3 with sputtered Co d) Forest catalyst after heating (with no source of 
carbon). 
The as-sputtered Al, shown in Figure 3.6 (a), shows the characteristically 
large grains found with this material, with a surface roughness of ca. 5 nm. 
Figure 3.6 (b) and (c) show that exposure to an oxygen plasma and deposition of 
Co by sputtering have little effect on the resulting surface, including roughness. 
However, Figure 3.6 (d) shows that heating the catalyst to 850 °C (with no 
source of carbon) has a significant effect on surface structure and the presence of 
a very high density of ~ 3 nm NPs (estimated by AFM height analysis) is clear 
99 
 
across the whole of the surface. The high density of stabilised and active NPs 
means that during growth the density of growing SWNTs is too high to allow 
them to ‘fall’ onto the surface and form a network, they are instead forced 
upwards.  
To further understand the nature of the different components of the catalyst 
X-ray photoelectron spectroscopy (XPS) (details found in section 2.4.6) was 
performed on the substrate in the state shown in Figure 3.6 (d) (heated to 850 °C 
under H2 flow). The resultant spectra can be seen in Figure 3.7. 
 
Figure 3.7 – XPS spectra of the SWNT growth catalyst system. a) Al 2p region b) Co 2p region. 
 The blue line in Figure 3.7 (a) indicates the region in which the Al 2p3/2 
peak of metallic Al would occur, with the location of the Al 2p3/2 for oxidised Al 
being indicated by the red line. Partially oxidised Al would have peak 
components in each location, from which the degree of oxidation can be 
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calculated.
53
 It is clear from the XPS spectrum of the Al catalyst component that 
the Al is fully oxidised to Al2O3, with no metallic component remaining.  
 Characterisation of the XPS spectra of the Co catalyst component is less 
trivial than for Al as there are multiple forms of oxidised Co, each with its own 
characteristic Co 2p spectrum.
54
 However, the XPS spectrum for oxidised Co 
(any form of oxide, CoO, Co(OH)2 and Co3O4)
54
 has a peak at 803 eV (as shown 
by the red line in Figure 3.7 (b)), which is not present in the metallic form.
54
 It is 
therefore possible to say that XPS analysis of  Co  post heating (Figure 3.7 (b)) 
suggests the Co is, at least to some degree, oxidised, although not necessarily 
during the growth process. 
3.3.2 3D SWNT forest growth and characterisation 
SWNT forests were grown using the catalyst system described in section 
3.3.1, in the hot-walled cCVD system with growth parameters as detailed in 
section 2.1.3). Figure 3.8 (a) and (b) show a photograph and an FE-SEM image, 
respectively, of a typical SWNT forest. For the FE-SEM the forest was scratched 
with a razor blade to allow both the top and side surfaces to be seen. In the 
photograph two gold bands have been evaporated onto the forest surface to allow 
it to be connected as an electrode, which is discussed further in section 2.5.1.  
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Figure 3.8 – a) photograph of SWNT forest with two gold bands evaporated onto the surface b) 
FE-SEM image of SWNT forest c) micro-Raman spectrum (laser wavelength 514 nm) of SWNT 
forest, inset shows the RBM region in more detail. 
The photograph in Figure 3.8 (a) clearly shows the millimetre-scale 
height of this structure as one corner of the forest has been removed, which 
allows the substrate and the forest edge to be seen. It is also apparent that the 
forest is very uniform in height and consistent across the surface. The FE-SEM 
image (Figure 3.8 b) shows both the top surface and the sidewalls of the SWNT 
forest, where the vertical alignment can be seen. It is also clear that the density of 
SWNTs is incredibly high, significantly more so than even VHD SWNT 
networks. Micro-Raman spectroscopy (Figure 3.8 (c)) of the forest confirms, 
through the shape and position of the G band (1585 cm
-1
) and presence of RBM 
(as discussed in section 3.2.3) both that the structure is indeed formed from 
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CNTs and that they are single-walled. The G:D ratio in this case is 11:1 which, 
as with the SWNT networks, indicates that the forest is of high quality with little 
amorphous carbon and few defects and it should be noted that this is significantly 
higher than other examples of CNT forests in the literature.
15, 51
 
Analysis of the RBM indicates that there is a large range in dSWNT in the 
forest, from 0.85 nm (290 cm
-1
) to 2.4 nm (100 cm
-1
), but the largest peak (at 190 
cm
-1
) once again correlates to a dSWNT of 1.3 nm, which is the same as was found 
in the SWNT networks and indicates that although the SWNT density is 
significantly higher in the forest format, the SWNT produced are actually very 
similar. The spectral features observed at 1750 cm
-1
 and 1950 cm
-1
 are known as 
the M-band and the iTOLA feature, respectively, and represent double resonance 
processes. The nature of these features has been shown to depend on SWNT 
diameter and chirality,
55
 however it is only possible to extract this data from 
measurements of single SWNTs. Due to the significant height of the SWNT 
forest it is also notable that there are no peaks present for Si/SiO2, meaning all 
features are due to SWNTs.  
3.4 Graphene results and discussion  
3.4.1 Growth and characterisation of SLG on Cu foils 
As with the growth of the SWNT structures discussed above, the first step 
in the synthesis of SLG is the preparation of the catalyst structures. In the case of 
SLG growth the catalyst simply consisted of a 0.025 mm thick Cu foil cut into 
squares ~ 1 × 1 cm
2
, which is a common catalyst system for graphene growth.
23
 
The use of thin Cu films ~ 500 nm thick was initially considered, however it was 
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found that at the temperature required for SLG growth (1000 °C) the thin films 
became unstable, partially melting and therefore providing a less than ideal 
catalyst.  
Cu foils were prepared for growth by first sonicating in acetone, to 
remove any residues from the manufacturing process and subsequent handling. 
Surface oxide contamination was removed using HCl (2 M at 50 °C, 30 s). Once 
prepared for growth the substrate was inserted into the cCVD system and 
graphene was grown according to the scheme in section 2.3.3.  
Figure 3.9 shows an AFM image of a Cu foil that has been exposed to 
graphene growth conditions, showing the intersection between three Cu grains. 
Although it is not possible to see the graphene on the surface, this image does 
show that despite the high temperature of growth, the Cu foil retains its 
roughness, which is significant later during transfer. The image also shows that 
despite the thorough substrate preparation and the use of optimised cCVD 
parameters the Cu surface is not homogeneous. 
 
Figure 3.9 – AFM image of a Cu foil post graphene growth according to scheme described in 
section 2.3.3.  
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The cCVD growth conditions for the system being utilised in this work 
needed to be optimised for the growth of SLG. This was achieved by performing 
micro-Raman spectroscopy on the as grown graphene while it was still on the Cu 
catalyst surface. This route was taken due to a combination of the risk of damage 
to as grown graphene grown during any attempt at transfer and due to the large 
amounts of time that full graphene transfer to Si/SiO2 takes (~ 2 days between 
start and end).   
Figure 3.10 (d) shows a representative micro-Raman spectrum of a bare 
Cu surface which had been cleaned, but not exposed to graphene growth 
conditions. It is clear from this spectrum that the bare Cu surface contributes a 
significant background to the micro-Raman spectrum, however, there are no 
peaks in the regions commonly associated with sp
2
 carbon. Micro-Raman 
spectroscopy performed on copper foils exposed to graphene growth (Figure 3.10 
a,b,c), produces spectra with notable peaks above the Cu background, namely the 
G and 2D (G’) peaks usually associated with graphene.56, 57 The presence of 
these peaks was, in the first instance, used as conformation that the cCVD 
process was indeed growing a graphitic material. The relative shape and intensity 
of these peaks was also used to gain further information on the number of 
graphene layers.   
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Figure 3.10 – Micro-Raman spectra (laser wavelength 514 nm) on copper: a) and b) single layer 
graphene, c) multi-layer graphene and d) bare copper. The bare copper sample was exposed for 
an increased number of cycles to demonstrate that no weak sp
2
 carbon peaks were present.  
 In Figure 3.10 (c) the intensity of the 2D peak can be seen to be of an 
almost equal magnitude to that of the G peak and is broad, appearing to have at 
least two components. These features are indicative of graphene with more than 
two layers,
56
 although due to the background it is difficult to assign any 
numerical value to the thickness. However, the spectra in both Figure 3.10 (a) 
and (b) have a 2D peak which is very sharp and appears to be a single Lorentzian 
feature. This feature also has a relative intensity approximately four times greater 
than that of their respective G peaks, which is indicative of SLG.
56, 57
 One further 
notable feature of these spectra is that there is no discernible D peak, the 
presence of which is indicative of defects in the graphene lattice, or sp
3
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contamination. If this peak was small or nonexistent (low defect density) it was 
obscured by the Cu background, however if sample had a high defect the D peak 
became visible. This indicates that post-growth the SLG is of high quality. 
 By using this method of testing, and changing growth parameters such as 
proportion of CH4 during growth and growth time, to ensure that each Cu sample 
displayed SLG characteristics across its entire surface (i.e. micro-Raman spectra 
appear as those shown in Figure 3.10 (a) and (b)), the cCVD conditions were 
optimised (details of the optimum parameters can be found in section 2.3.3).      
3.4.2 Characterisation of graphene post-transfer to Si/SiO2. 
After growth by cCVD, the Cu catalysts that were confirmed to be 
covered with SLG were transferred to insulating substrates (Si/SiO2 or quartz) 
using the method discussed in section 2.3.4. After this micro-Raman 
spectroscopy was routinely used to characterise the SLG samples, a 
representative example of which can be seen in Figure 3.11. 
 
Figure 3.11 – Typical micro-Raman spectra (laser wavelength 514 nm) of SLG on Si/SiO2 
 As was seen when graphene was investigated on the Cu, the micro-
Raman spectrum shows the characteristic peaks of an sp
2
 carbon surface. 
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However, now the graphene is on a Si/SiO2 surface, which exhibits a small 
background, it is possible to analyse the spectrum to glean information on the 
quality of graphene produced. The micro-Raman spectrum of graphene on 
Si/SiO2 does display the characteristics one would expect for SLG, namely the 
2D peak is more than twice the height of the G peak and has a full width at half 
maximum (FWHM) of 31 cm
-1
, close to the value of ~ 25 cm
-1
 expected for ideal 
SLG. This firstly confirms that our cCVD system is capable of growing SLG and 
also confirms that the use of micro-Raman spectroscopy of graphene on Cu is a 
valid method of optimisation. 
It is, however, also now possible to resolve a small D peak at 1350 cm
-1
, 
which is indicative of defects in the graphene structure.
57
 This peak is 6.5 times 
smaller than the G peak at 1585 cm
-1
, the ratio of which is indicative of relative 
defect density, showing that post-transfer the graphene is not perfect. It is 
difficult to know if these defects are a consequence of growth or if they are 
introduced during transfer, as a peak only one sixth the size of the G peak would 
not be discernible in the micro-Raman spectra of SLG on Cu due to background 
noise.  
 To further investigate the quality of the SLG, it was investigated using 
optical microscopy, FE-SEM and AFM. From the optical images shown in 
Figure 3.12 (a) and (b) it is possible to make a range of conclusions. First, it is 
clear to see that the graphene is of a uniform colour across the majority of the 
surface. This indicates that the SLG grows in a uniform manner across the Cu  
surface, not appearing to form ‘islands’ of multi-later structures, which would be 
seen as darker areas.
58, 59
 Second, the SLG does not appear, on this scale, to be 
heavily contaminated with residues of polymer that are associated with graphene 
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transfer. However, the optical images also confirm the SLG is not continuous and 
contains a series of rips in the surface. As graphene transfer is not a trivial matter 
and involves multiple aggressive steps, including dissolution of the Cu substrate 
and later the dissolution of PMMA, there is a tendency for graphene to become 
damaged.
27, 29
 We have not yet found a satisfactory solution to this problem.  
 
Figure 3.12 – Optical microscope images at a) 200× and b) 500× magnification, FE-SEM 
images (c and d) and AFM images (e and f) of SLG on Si with 300 nm SiO2.  
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 In Figure 3.12 (c) a rip in the SLG can be seen more closely through the 
use of FE-SEM. It is clear from this image that the two edges of this tear were 
initially joined and, at some point, were forcefully torn apart, reinforcing the idea 
that the transfer process is aggressive. From this image and the one shown in 
Figure 3.12, it is also possible to resolve that the SLG surface is not as clean as it 
initially seemed. The SLG surface is, in fact, coated in particular contamination, 
again likely introduced during the transfer stage. Another interesting feature of 
the FE-SEM images is that it is possible to see that the graphene has ‘wrinkles’, 
i.e. areas where the SLG does not lie flat on the surface, but has become 
corrugated. These features are more clearly visible in the AFM images in Figure 
3.12 (e) and (f).  The wrinkles are considered to originate in part from the 
difference between the amount of thermal relaxation the metal growth substrates 
and graphene undergo on cooling post growth
60
 and also from the level of 
surface roughness of the metal surface causing issues with transfer.
61
 Both of 
these factors cause the graphene to fold up on itself, increasing roughness. The 
AFM images also more clearly show that the SLG surface is quite contaminated. 
This contamination is likely to be due to PMMA residues, as PMMA forms a 
strong interaction with the graphene surface which is not easily broken, even 
with long exposure to solvents.
27
 Measurement of graphene layer thickness using 
AFM proved ineffective as folding at edges and surface contamination made the 
results inaccurate. 
3.4.3 Electrochemical measurements. 
Although it has been shown that the SLG produced has surface 
contamination, it is still of interest to test this material as an electrode as 
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significant surface coverage (contamination) might negatively affect ET. Two 
CVs for the oxidation of FcTMA
+
 at different areas of a SLG electrode are 
shown in Figure 3.13. These were performed with a capillary of 50 μm diameter 
using the microcapillary electrochemical method (MCEM) on SLG connected 
via the evaporation of a gold band. 
 
Figure 3.13 – CVs for the oxidation of 0.5 mM FcTMA+ in 50 mM KCl, 50 mV s-1 performed at 
two different areas of a SLG connected as an electrode. 
It can be seen from Figure 3.13 that the transferred SLG seems to perform 
as an effective electrode, giving CVs with the expected shape for an electrode 
with a linear diffusion profile. A theoretical value for the peak current (ip) can be 
calculated from the Randles–Sevcik equation62 for a planar disk macroelectrode 
 
5 3/2 1/2 1/22.69 10p bulki n AD C   (3.3) 
where n is the number of electrons transferred, A is the electrode area, D is the 
diffusion coefficient (6.3 × 10
-6
 cm
2
 s
-1
)
63
, ν is the scan rate and Cbulk is the bulk 
concentration. Based on a meniscus radius of 65 μm (previously shown to be 
larger than the capillary radius
64, 65
 and also shown in section 6.3.2) ip is expected 
to be 2.5 nA, which is comparable to the ip for FcTMA
+
 oxidation on SLG (2.4 – 
2.7 nA). Also, for the oxidation of FcTMA
+
 ΔEp is found to be 58 mV (Figure 
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3.13 a) and 59 mV (Figure 3.13 b). This demonstrates that the outer sphere 
process FcTMA
+/2+
 acts reversibly when SLG is utilised as an electrode.  
Although this data demonstrates that the SLG being produced currently is 
capable of fast heterogeneous ET it would be erroneous to use this to draw any 
conclusions on the ET properties of pristine SLG, due to the presence of 
contaminants and wrinkles which may play a role in ET. 
3.5 Conclusions 
This work has demonstrated that cCVD is a powerful tool for the 
production of sp
2
 carbon materials. Through the judicious choice of catalyst 
materials and growth parameters it is possible to grow structures ranging from 
2D SWNT networks, 3D SWNT forests and SLG.  
The SWNT produced have been thoroughly characterised both 
microscopically and spectroscopically and have been shown to be of high quality 
with a low density of defects and minimal amounts of amorphous carbon. This 
work has also demonstrated that we are capable of the reliable growth of SLG. 
This was achieved by optimising the cCVD growth conditions and routinely 
characterising the as grown material on the Cu growth substrate using micro-
Raman spectroscopy. However, during transfer to insulating substrates the SLG 
is contaminated and torn, issues which have not yet been satisfactorily resolved. 
By working on the graphene transfer regime we aim in the future to produce SLG 
to a similar level of quality as we are currently capable of for SWNT which can 
then be used for electrochemical applications. 
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4  
Electrochemistry at single-walled carbon 
nanotube forests: sidewalls and closed ends allow 
fast electron transfer 
In this chapter the intrinsic electrochemical properties of the closed ends 
and sidewalls of pristine SWNT forests are investigated directly using a 
nanopipet electrochemical cell. Both are shown to promote fast electron transfer, 
with no activation or processing of the CNT material required. This is in contrast 
to the current model in the literature which suggests that the sidewalls of CNT 
are inactive (except at defected sites) and the vast majority of electron transfer 
occurs at the open ends of CNT. 
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4.1 Introduction 
CNTs are of considerable interest for a wide variety of applications 
including batteries,
1
 sensors
2, 3
 and electrocatalysts,
4, 5
 to name but a few, and can 
be arranged in a multitude of different geometries, ranging from 1D isolated 
tubes to 2D planar arrays and random networks, and 3D forests. The forest is 
particularly interesting with wide ranging applications.
6-8
 In the electrochemical 
arena, forests have been proposed for sensing and energy applications,
9
 with the 
vast majority of studies focusing on forests with open ends. Open ends also 
provide sites for surface functionalisation.
10
 Furthermore, open-ended CNT 
forests have been proposed as the preferred arrangement for electrochemistry,
11
 
since some work has suggested that heterogeneous electron transfer occurs much 
more readily at open ends, rather than sidewalls, of CNTs in general, with 
sidewalls suggested as being electrochemically inert
12-14, even to simple ‘outer 
sphere’ redox couples. This analysis stems, in part, from analogies drawn 
between the structure of MWNTs and HOPG,
15-17
 which comprises of sp
2
 carbon 
basal planes interspersed with edge planes.
13, 18, 19
 The postulate that only the 
open ends of MWNTs are electrochemically active, has also been extended to 
SWNTs.
13, 19
 On the other hand, studies of isolated
20-22
 and randomly arranged 
two-dimensional networks of SWNTs
23
 have shown that the sidewalls of SWNTs 
promote facile electron transfer. This provides an impetus to determine whether 
similar activity is evident in SWNT forests. 
Many of the standard methods for growing CNTs result in structures with 
closed tube ends.
14
 However, as clean-up procedures (often using harsh 
purification steps including boiling in concentrated acid, sonication and plasma 
treatments) are typically required to eliminate amorphous carbon and metal 
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NPs,
24
 the ends are opened and sidewall defects are created.
12, 25
 Not only can 
functionalization of CNTs, from chemical clean-up, complicate electrochemical 
data interpretation, but a further issue with many previous studies of CNT 
electroactivity has been a reliance on a conducting support for the CNTs. This 
makes the unambiguous separation of CNT activity and support electrode effects 
very difficult.
24
 In comparison, SWNTs produced by CVD can be grown directly 
onto an insulating substrate, (usually Si/SiO2 or quartz) but surprisingly, have 
been less studied as an electrode material. Such material is also close to ideal for 
fundamental studies because it is grown with minimal levels of amorphous 
carbon, and thus requires no chemical clean up before use. Furthermore, each 
CNT contains only a single, encapsulated, catalytic nanoparticle, at one end
26
 
with the other end retaining a pristine closed structure.
27-29
  
In this work we investigate SWNT forests grown by CVD providing 
electrodes, where the closed ends and sidewalls are intrinsically separated, but 
without the disadvantages associated with single CNT experiments. This method 
was chosen in preference to chemical processing and vertical alignment via 
chemical binding to a substrate, as CVD enables high density, pristine, closed-
ended SWNTs to be grown directly. Chemical processing, results in cutting and 
shortening of the SWNTs and an incomplete coverage of the underlying 
conducting substrate.
13, 30
 These structures are tested using a new nanoscale 
electrochemical cell technique,
31, 32
 which allows us to examine electrochemistry 
at the characteristic closed ends and sidewall sites, in isolation. In essence, a 
nanopipet containing electrolyte solution and one or more reference/counter 
electrode(s) is used to make an electrochemical cell within a targeted region of a 
sample, which is connected as a working electrode. For the present application, 
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this is particularly powerful, as any type of post processing, lithography
20
 or 
mechanical cutting of the SWNTs is avoided,
33
 allowing the study of the true 
electrochemical activity of the forests in the native, pristine, unprocessed state. 
4.2 Results and discussion 
4.2.1 Preparation and characterisation of SWNT forest electrodes 
Figure 4.1 shows a representative FE-SEM image of an as-grown (details 
given in sections 2.2.2 and 3.3) CVD SWNT forest (a) and a typical TEM image 
(b) of a SWNT extracted from the forest. In this case SWNTs were deposited 
onto lacey carbon film coated TEM grids by rubbing the grid onto the side of the 
forest, this was found to introduce less contamination and cause less damage to 
the SWNT than solution based methods (sonication). 
 
Figure 4.1 - (a) FE-SEM image of a SWNT forest. (b) Typical TEM image of a SWNT extracted 
from a forest. 
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 The FE-SEM image in Figure 4.1(a) clearly shows the two unique 
surfaces of the SWNT forest. In the bottom left half of the image the surface 
consisting of a vast majority of SWNT sidewalls can be seen, showing the 
characteristic alignment and dense CNT packing of forest structures. The vertical 
height of the SWNT forests used in this investigation was ca. 0.5 mm when 
measured from the substrate. In the top right of the image the surface mainly 
consisting of closed SWNT ends is shown. TEM analysis of CNTs extracted 
from the forest confirmed that they were single-walled and the absence of any 
amorphous carbon on the SWNT sidewall is noteworthy. The high quality of the 
forests was further proven using micro-Raman spectroscopy on intact forests, 
with spectra recorded from both the SWNT ends and the sidewalls (Figure 4.2). 
 
Figure 4.2 - Micro-Raman spectra of an intact SWNT forest focusing on the sidewalls and tube 
ends. 
By tilting the sample the microscope was focused onto the forest 
sidewalls, allowing a Raman spectrum of this face to be obtained. The shape and 
location of the G band (sp
2
) at 1589 cm
-1
, in both spectra in Figure 4.2, is 
indicative of SWNTs.
34, 35
 Whilst small D peaks (sp
3
 carbon) are visible in both 
spectra, the G / D ratios for the ends and the sidewalls, 7:1 and 9:1 respectively, 
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indicate significantly higher quality forests (i.e. cleaner, lower defect density) 
than those previously described in the literature.
33, 35
 
 It was also particularly important to confirm that the ends of the forests 
were free from catalytic metal NPs, since these can impact significantly on the 
electrochemical response of SWNTs.
36-39
 The results of XPS are shown in Figure 
4.3(a), for the top surface of the forest (black line), and the aluminium oxide on 
Si/SiO2 substrate surface with the cobalt (Co) catalyst (red line) after subjecting 
it to ‘growth’ conditions (heating to 850 °C under H2 flow) but without a carbon 
source (i.e. no actual growth).  
 
Figure 4.3 - a) XPS spectra of bare catalyst substrate (red line) and SWNT forest surface (black 
line). The inset shows the spectral range corresponding to Co 2p3/2  for both SWNT forest (black 
line) and catalyst (red line) surfaces. b) Typical TEM image of SWNT ends. 
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The catalyst sample shows a distinct cobalt 2p peak at 780 eV. The peaks 
at 75 eV and 530 eV are for aluminium (Al 2p) and oxygen (O 1s), respectively, 
originating from the aluminium oxide under-layer. In contrast, in the XPS 
spectrum for the SWNT forest the Co peak has disappeared and the spectrum is 
dominated by the carbon 1s peak at 290 eV. Since the penetration depth of XPS 
is ca. 10 nm and as the forest was ca. 500 μm thick, this analysis proves that 
these SWNT forests exhibit a root growth process,
40
 where the catalytic NPs 
remain on the substrate, i.e. at the base of the forest, and the SWNT grow 
upwards from them. There is a very small oxygen 1s peak, relative to C 1s, 
originating from the top 10 nm of the SWNT forest. This, most likely, originates 
from a small degree of oxygenation of the SWNT forest under ambient 
conditions, but it is insignificant compared to the signals obtained when a SWNT 
end is deliberately opened.
13, 33
 Further evidence, from TEM images of the ends 
and end-caps of forest SWNTs, Figure 4.3(b), confirmed that they were both 
closed and free from catalyst NPs, which is in agreement with the XPS data. 
4.2.2 Conductance and voltammetric analysis 
Figure 4.4(a) shows a photograph and a schematic of the experimental 
arrangement for the voltammetric measurements. To produce an electrical 
contact to the SWNT forest, a 200 nm thick gold film was evaporated onto half 
of the sample, covering both the top and sides, by means of a shadow mask, 
leaving the rest of the sample intact and free from metal contamination for 
electrochemical analysis. The sample was then mounted to align either the top of 
the forest (ends) or the sidewalls, for electrochemical interrogation. Theta glass 
(double barrelled) pipet tips, of typical inner diameter ~400 nm (accurately 
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characterised using FE-SEM) were filled with the solution of interest, and 
Ag/AgCl quasi-reference-counter electrodes (QRCEs) were inserted into each of 
the barrels. With a bias applied between the two barrels the conductance current, 
which flows between barrels, via the mensicus at the end of the pipet tip, could 
be monitored. This enabled us to: (i) accurately position the tip, keeping the tip 
and meniscus in a fixed position during voltammetric measurements;
31, 32
 and (ii) 
assess the contact area of the mensicus with the area of interest on the SWNT 
forest. 
 
Figure 4.4 - a) Digital photograph and schematic (not to scale)  of the pipet in contact with the 
forest sidewalls, for voltammetric and conductance analysis. b) Current-voltage curves (forward 
and reverse) recorded on the closed ends (blue) and sidewalls (red), with a pipet of inner 
diameter 400 nm, containing 50 mM KCl, at 100 mV s
-1
. 
Figure 4.4(b) shows typical conductance current – voltage curves, 
recorded by sweeping the potential of one QCRE with respect to the other (held 
at ground), with 50 mM potassium chloride solution in the pipet. The meniscus 
contact was maintained in a fixed position on the SWNT forest over the closed 
ends (blue line) or sidewalls (red line). A similar response is seen in both 
locations, which is close to that recorded for similar sized theta pipet tips on 
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hydrophobic impermeable substrates.
41
 This both indicates that the meniscus is 
stable (on both surfaces) and does not wet into the forest structure over the 
timescales used in the electrochemical experiments, as this would cause a 
reduction in the effective resistance, and that the meniscus height is similar in 
both cases. We thus conclude that the SNWT forest is not permeated to any 
significant extent by electrolyte from the pipet tip. 
For redox measurements, the pipet was filled with solution containing 
both supporting electrolyte (KCl, 50 mM) and the redox species of interest. Once 
contact had been made between the pipet meniscus and forest (sidewall or ends), 
CV measurements were carried out, with the SWNT forest connected as the 
working electrode. These were repeated multiple times at different spots on 
several samples, at both the forest ends and the sidewalls. Two well-known outer 
sphere, redox couples, with very different formal potentials (E
o'
 values), 
(ferrocenylmethyl) trimethylammonium, (FcTMA
+/2+
)
20
 and 
hexaammineruthenium (Ru(NH3)6
3+/2+
), were used to probe the local 
electrochemical response. Figure 4.5 and Figure 4.6, show typical CVs recorded 
at the SWNT ends and sidewalls for these mediators. These data clearly show 
that, for both couples, the electrochemical response is comparable with a 
difference in the ¼-wave and ¾-wave potential, E3/4 – E1/4, in the range 57 – 64 
mV, indicating that the reactions are close to reversible in all locations. The 
slight difference in capacitative background between the sidewalls and ends is 
likely due to increased surface roughness on the top surface (ends), leading to 
slightly increased double-layer capacitance.   
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Figure 4.5 - Typical CVs of 5 mM Ru(NH3)6
3+
 reduction in 50 mM KCl at a scan rate of 100 mV 
s
-1
. Red lines indicate forest sidewalls, blue lines, forest closed ends. 
 
Figure 4.6 –Typical  CVs of 2 mM FcTMA+/2+ oxidation in 50 mM KCl at a scan rate of 100 mV 
s
-1
. Red lines indicate forest sidewalls, blue lines, the forest closed ends. 
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The mass transfer rate coefficient (kt) for this pipet electrode arrangement 
is estimated as ~ 0.03 cm s
-1
, from simple analysis of the limiting current using 
equation(4.1):  
 
lim t bulki nFAk C   (4.1) 
where ilim is the limiting current, n is the number of electrons transferred, F is the 
Faraday constant, A is the electrode area, kt is the mass transfer rate coefficient 
and Cbulk is the bulk concentration. Hence, as the reaction is reversible, the 
effective standard heterogeneous electron transfer rate constant is significantly 
larger than this (0.03 cm s
-1
) on both the ends and sidewalls of the SWNT forest. 
Since kt is higher, in this arrangement, than that experienced in standard CV 
experiments, we deduce that SWNT forests should display essentially reversible 
behaviour for outer sphere redox couples using most common electrochemical 
techniques. Thus, both the closed ends and sidewalls of CVD grown SWNT 
forests should be considered highly electrochemically active, and capable of fast 
electron transfer. Furthermore, it should not be necessary, as has been suggested 
by others,
14-16, 18, 42
 to carry out any pretreatment or activation of CVD-grown 
SWNTs for electrochemical studies and measurements with redox couples of this 
type. Note that for some inner sphere processes which often need to bind directly 
with the electrode surface in order to undergo efficient electron transfer,
43
  the 
chemical nature of the surface (and whether the end is open or closed) may be 
more important. 
4.3 Conclusions 
In conclusion, we have demonstrated a novel approach for interrogating the 
electrochemistry of different parts of SWNTs in a forest arrangement, using a 
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mobile nanoscopic electrochemical cell. In this way the electrochemical activity 
of the forest, or for that matter, any complex sample, can be studied in its native 
state, in any desired location, at high spatial resolution, without the need for 
sample processing. Using this arrangement, we have conclusively proved that a 
SWNT end does not need to be open for it to support fast electrochemistry with 
outer sphere redox couples. This overturns the present consensus that the 
electrochemistry of SWNTs is dominated by open ends
13, 14, 19, 44
 erroneously 
formulated from the results of CV measurements averaged over macro-sized 
areas of SWNTs assembled on conducting surfaces. Our results also now 
naturally bring into question the assumption that MWNT ends must be open in 
order for the CNT to exhibit efficient ET.
15-17
 
The studies herein provide further convincing direct evidence for the 
considerable activity of SWNT sidewalls,
20-22
 in contrast to various indirect 
studies which have suggested that such sites are electrochemically inert.
14, 18, 42
 
More generally, direct nanoscopic studies such as those reported herein are 
providing a new consensus that the basal surface of various related sp
2
 carbon 
materials promotes fast electron transfer.
24, 32, 45
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5  
Electrochemical activation of pristine single 
walled carbon nanotubes: impact on oxygen 
reduction and other surface sensitive redox 
processes 
In this chapter the effect of systematic anodic pre-treatments of SWNT 
forests on the electrochemical response towards a variety of redox processes is 
investigated. An experimental arrangement is adopted whereby a microcapillary 
containing the solution of interest and a quasi-reference electrode is brought into 
contact with a small portion of the forest to enable measurements on the surface 
before and after controlled anodic polarisation (AP). AP of the surface is found 
to both improve the voltammetric response (faster apparent heterogeneous 
electron transfer kinetics) of surface sensitive redox processes, such as Fe
2+/3+
, 
and enhance the electrocatalytic response of the SWNTs towards oxygen 
reduction; the extent of which can be carefully controlled via the applied anodic 
potential. AP is expected to remove any trace organic (atmospheric) 
contaminants that may accumulate on the forest over extended periods as well as 
allowing the controlled introduction of defects, as confirmed by micro-Raman 
spectroscopy. 
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5.1 Introduction 
CNTs have attracted considerable attention for a diverse range of 
electrochemical applications and technologies, ranging from batteries
1
 to 
sensors.
2, 3
 They have been widely studied as electrode materials in 
electrochemistry,
4, 5
 in a variety of geometrical formats.
6-8
 There has, however, 
been significant debate over the fundamental electrochemical properties of CNT 
materials, for both SWNTs and MWNTs.  Even for outer sphere redox processes 
it was believed that heterogeneous electron transfer (HET) only occurred at side-
wall defects
9
, open ends
10, 11
 or residual catalytic NPs.
12
 This position was largely 
based on experiments using aggressively cleaned
13
 and processed
14
 CNTs, often 
ultrasonically dispersed and drop-cast onto conductive substrates.
4, 15,16
 However, 
there is now a sizeable body of evidence (including section 4.2.2) that fast HET 
is possible for outer-sphere redox couples, at both pristine sidewalls and the 
closed ends of clean, unprocessed SWNTs.
6, 8, 16-20
 
The role of defects and open ends may play a more important part when 
considering inner-sphere redox processes, which require favourable interactions 
between the redox active species and the surface. For example, acid and oxygen 
plasma treatment of pristine SWNT network electrodes,
21
 assisted the 
voltammetric oxidation of dopamine, compared to the untreated surface. The 
impact of electrochemical activation of CNT surfaces on HET has also been 
investigated, however most studies employed CNTs that have already been 
cleaned prior to use via strong acid treatments and ultrasound, and hence were 
already likely to contain significant defects, as a result of the CNT clean-up 
process. For example, Wang et al
22
 observed that the voltammetric response of a 
MWNT modified electrode could be improved towards a variety of inner sphere 
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mediators by anodically polarising the electrode. This was attributed to the 
creation of ‘edge plane’ sites in the CNTs. Li et al23 found the electrochemical 
oxidation of SWNT-modified electrodes improved their performance towards 
both inner and outer sphere mediators.  
The ORR is a highly surface sensitive
24
 electrochemical process which is 
currently of much interest in fuel cells. One area of activity is concerned with 
replacement of precious-metal based fuel cell catalysts with more sustainable 
options. Carbon-based alternatives have been suggested,
25
 with nitrogen doped 
CNTs showing particular promise.
26-28
 Electron withdrawing dopants, such as 
nitrogen, are thought to create active sites for ORR by increasing the positive 
charge density on surrounding carbon atoms. Adsorption of oxygen at these sites, 
weakens the O-O bond, facilitating  ORR.
29
  The use of a poly(di-
allyldimethylammonium chloride) electrolyte also leads to a similar effect, due to 
the  creation of  net positive charge on the CNTs.
30
 However, previous work has 
typically employed either CNTs which contain high levels of amorphous carbon 
and catalytic NPs,
31
 which can catalyse the ORR process, or CNTs that were 
already highly defected due to aggressive acid cleaning.
21,25, 31-33
 Moreover, the 
CNTs were typically dispersed on a support electrode, such as HOPG
25, 33
 or 
glassy carbon,
31, 32
 which itself can contribute significantly to the electrochemical 
response.
34
 
In this work we focus on electrochemical oxidation as a means of 
introducing defects, as confirmed by micro-Raman spectroscopy, into SWNTs in 
a controlled manner and investigate how this influences the voltammetric 
response towards important and well-studied redox systems. Importantly, we 
start with CNT forest electrodes which are high quality (low defect density), 
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dopant free, have closed ends and contain low levels of amorphous carbon, so 
that the effect of a defined electrochemical treatment can be clearly understood. 
Specifically, we employ vertically aligned forests of SWNTs where the catalytic 
NPs are only encapsulated at the base of the structure.
17
 Micro-scale pipette 
techniques enable the investigation of the HET response of the pristine and 
electrochemically oxidised ‘forest’ in defined areas.35 Herein, we investigate the 
uppermost (top) structure of the forest, far from the underlying catalytic NPs, 
with the meniscus of the pipette wetting an array of SWNT with closed ends. 
5.2 Electrode preparation and Electrochemical 
measurements 
 SWNT forests (Figure 5.1 a) were grown as discussed in section 2.2 and 
were electrically contacted through evaporation of a 200 nm thick gold band on 
the top of the forest, defined using a shadow mask, leaving the bulk of the 
surface unmodified: see Figure 5.1.  
 
 
Figure 5.1 - (a) FE-SEM image of a typical SWNT forest. (b) Schematic of the micro-capillary 
set up used for voltammetric experiments.  
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 Electrochemical measurements were undertaken using a micro-capillary 
technique, described previously
17, 35, 36
 and in more detail in section 2.6.1. This 
technique allowed multiple measurements to be made at fresh locations on the 
electrode surface (SWNT forest). A schematic of the setup is shown in Figure 5.1 
(b). All electrochemical measurements were repeated a minimum of four times to 
ensure consistency.  
5.3 Electrochemistry of surface sensitive redox couples and 
the effect of anodic oxidation of SWNTs 
 The Fe
2+/3+
 redox process is perhaps the most studied ‘simple’ 
electrochemical reaction that is influenced significantly by the electrode surface 
structure, surface cleaning, supporting electrolyte and counter anion effects,
37-42
 
and so is often termed an ‘inner sphere’ redox system. Typical CVs for the one-
electron oxidation of 1 mM Fe
2+
 (FeSO4) in 50 mM HClO4 on the SWNT forest 
surface, are shown in Figure 5.2, recorded over the potential range -0.2 V to 
+0.87 V (start -0.2 V) vs. Ag/AgCl QRCE (red dotted lines) and -0.2 V to +0.95 
V vs. Ag/AgCl QRCE (blue lines) at a scan rate of 50 mV s
-1
. When the anodic 
potential limit was +0.87 V, the Fe
2+/3+
 oxidation/reduction peaks are separated 
by a ‘peak to peak’ potential (ΔEp) of 718 mV for the first scan (oxidation peak 
position 0.792 V) which decreases slightly, to 626 mV on repeat scanning 
(oxidation peak position 0.748 V). This was typical of four repeat experiments 
with ΔEp ranging between 706 and 718 mV (on the first scan) and between 607 
and 626 mV (after 5 scans). In contrast, by scanning to +0.95 V on the first scan, 
the oxidation peak again occurs at 0.790 V (blue line), but, on the second 
voltammetric scan the peak potential has shifted to 0.628 V, with a significant 
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reduction in ΔEp from 718 to 319 mV. ΔEp ranged between 317 and 323 mV on 
the second scan (four repeats). After a total of five CVs the response stabilises 
with the oxidation peak shifting to 0.574 V, and ΔEp decreasing to 226 mV. ΔEp 
ranged between 226 and 260 mV after five CVs (four repeats).  
Interestingly, the data show that a difference in the oxidation potential 
limit of less than 100 mV can have a significant effect on the resulting 
electrochemical response for this Fe
2+/3+
 couple.  It has been shown that the 
introduction of carbonyl groups, in particular quinones, on carbon surfaces 
facilitates oxidation of Fe
2+
, enabling significantly faster HET compared to the 
pristine sp
2
 structure.
43
 Thus, scanning to anodic potentials may have the effect 
of introducing oxygen containing defects although it is also very possible anodic 
polarisation acts to clean the SWNT surface allowing faster HET to the tube 
ends. 
 
Figure 5.2 - Typical CVs for the oxidation of 1 mM Fe
2+
 (50 mV s
-1
) in 50 mM HClO4 performed 
on the top surface of an SWNT forest. Capillary inner diameter was 50 m. The CVs were 
scanned from -0.2 V to +0.87 V (red dotted line) and -0.2 V to +0.95 V (blue line).  
For CV responses with significant interfacial kinetic effects, it is also 
important to consider whether there is any change in the surface area of the 
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SWNT forest wetted by the meniscus. From the data in Figure 5.2, we do not see 
any appreciable change in the background capacitance current, and this is a 
feature that we explore and confirm later in the chapter. The reasonably close 
similarity of the forward peak currents also indicated that the lateral dimension of 
the meniscus contact is approximately similar. There appears to be a small 
decrease in the peak current magnitude from the first sweep to subsequent 
sweeps, even though the first sweep is most affected by kinetics. This suggests a 
small decrease in the lateral area wetted with time. Although the final 
voltammogram, in a series of five scans to 0.95 V, is not strictly reversible (ΔEp 
226 to 260 mV), we can use the peak current magnitude to reasonably estimate 
the area of the meniscus contact via the Randles-Sevcik equation. Although this 
equation is strictly only applicable to reversible electrochemistry, it is sufficient 
to give an estimate of the electrode area in this case. Using the Randles-Sevcik 
equation and assuming a planar disk electrode (diffusion coefficient, DFe
2+/3+
 = 9 
× 10
-6
 cm s
-1
)
41
 we estimate an electrode radius of 35 μm, which compares 
favourably with the capillary radius used (25 μm); as found previously44-48 for a 
range of capillary sizes, the meniscus contact area is of the order of (or slightly 
larger than) the pipet dimensions.
17
 
The commonly used redox couple Fe(CN)6
4-/3-
 has been used for the 
investigation of HET kinetics on carbon materials,
9, 44, 49
 although there is now 
significant evidence that the voltammetric response of this couple is surface 
sensitive and the redox process itself can cause blockage, or fouling, of carbon 
surfaces.
40, 44
 Given these complications, and perhaps because of them, this is a 
rather interesting candidate to investigate the effect of AP of SWNTs on HET 
(Figure 5.3 a). AP was performed by holding the electrode at an oxidising 
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potential of +1 V versus Ag/AgCl QRCE for 2 s prior to running the CV from -
0.1 V to 0.4 V and back to -0.1 V (50 mV s
-1
). A constant potential, applied for a 
short time period, was used to modify the surface, rather than scanning the 
potential between extended limits, in order to minimise possible fouling effects 
associated with Fe(CN)6
4-
 oxidation at the electrode.44 The potential for AP was 
selected in light of the data presented in Figure 5.2 which showed that potentials 
 +0.95 versus Ag/AgCl QRCE were effective in improving HET.  
For the pristine forest (black dotted line), ΔEp = 130 mV for Fe(CN)6
4- 
oxidation and this was typical of five measurements (ΔEp ranged between 127 
mV and 146 mV). ΔEp increased slightly with repeat scans in the same area, 
possibly due to some surface fouling with Fe(CN)6
4-/3-
,
 
which has been reported 
for HOPG
44
 and was typical of all measurements, while the peak current 
decreased slightly. However, after AP (in a different location), ΔEp = 78 mV 
(ΔEp ranged between 75 mV and 82 mV over five measurements) close to the 
value expected for a reversible process.  
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Figure 5.3 - a) CVs for the oxidation of 1 mM Fe(CN)6
4-
 in 50 mM KCl (50 mV s
-1
) on SWNT 
forests: black dotted line shows the response with no AP; blue line after AP at +1 V for 2 s. b) 
CVs for the oxidation of 1 mM FcTMA+ in 50 mM KCl (50 mV s-1) on SWNT forests: red line 
shows response before AP; black line after AP at 1 V for 2 s. 
 To examine further whether AP had a significant effect on the lateral 
wettability of the SWNT, the effect of AP on the outer sphere redox mediator, 
FcTMA
+/2+
 was investigated. CVs for the one-electron oxidation of 1 mM 
FcTMA
+
 in 50 mM KCl can be seen in Figure 5.3 (b). On the pristine forest (red 
line) ΔEp = 61 mV (ΔEp ranged between 58 mV and 61mV over five 
measurements), indicating fast, reversible HET, as seen previously on a range of 
pristine SWNT with ferrocene derivatives
6, 8, 16, 20, 46
 with a peak current, ip of 6 
nA. After AP, of 1 V for 2 s, on an adjacent spot on the forest surface (black 
line), the ΔEp value is unchanged, as expected for a reversible process (ΔEp 
ranged between 56 mV and 61 mV over five measurements), and ip increased by 
only 10 %. Coupled with the data for Fe
2+/3+ 
and Fe(CN)6
4-/3- 
this indicates that 
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AP leads to minimal change in lateral wettability with the droplet configuration 
employed. 
5.4 Effect of anodic pre-treatments on oxygen reduction at 
SWNTs 
The effect of AP on the ORR at a SWNT forest electrode can be seen in 
Figure 5.4 CVs were recorded in 0.1 M KCl at a scan rate of 0.1 V s
-1
. In Figure 
5.4 (a), the CV cycle commenced at 0 V, with a negative going scan to -1.3 V 
and then positive to 1.5 V, before returning to -1.3 V and the cycle repeated. In 
the first cycle (red line), a minimal ORR current signal was observed (38 nA at -
0.6 V versus Ag/AgCl) characteristic of pristine sp
2
 carbon electrodes.
50
 
However, in the second cycle (black line), a significant ORR current (514 nA at -
0.6 V) becomes evident, but only after AP of the SWNT forest. This significant 
change in the voltammetric characteristics was found in >20 measurements on 
several different SWNT forest samples. A  similar observation towards the 
electrocatalysis of oxygen reduction was made by Yano et al. at polycrystalline 
boron-doped diamond electrodes pre-treated at oxidising potentials greater than 
1.4 V versus Ag/AgCl (in 0.5 M H2SO4). The effect was attributed to oxidation 
of sp
2
 impurities in the diamond surface introducing quinone groups which were 
considered responsible for promoting the ORR .
51
  
 Comparison of CVs recorded in both aerated and de-aerated (N2 
saturated) KCl solutions are shown in Figure 5.4 (b). Here, and in all subsequent 
CVs, the electrode potential was first scanned anodically (from 0 V to 1.3 V) 
before reversing the potential and scanning cathodically (to -1 V). In de-aerated 
solutions, the absence of a noticeable current in the potential region -0.4 to -1.0 
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V, confirms that the current in this region is due to the ORR. It has been 
demonstrated both theoretically
52
 and experimentally
53
 that oxygen containing 
groups on functionalized SWNTs withdraw electron density. Thus, it is entirely 
possible that favourable sites for ORR are introduced when the SWNTs pristine 
structure is perturbed. 
It is worth commenting on the magnitude of the ORR current compared 
to the limiting current seen with the three redox couples considered above. 
Although ORR can involve up to 4 electrons (if reduction proceeds all the way to 
water) and the D of O2 is relatively high (2.1×10
-5
 cm
2
 s
-1
),
25
 the concentration of 
O2 in aerated water at ambient temperatures (25 °C) is only ca. 0.25 mM.
25
 Yet, 
the limiting current values for the ORR in Figure 5.4 are two orders of magnitude 
higher than seen for the other redox couples. This is due to the three-phase 
meniscus contact arrangement, which mimics that of the oxygen reduction 
electrode in low temperature proton exchange membrane fuel cells. With the 
meniscus arrangement there is a large area of air/aqueous/carbon electrode 
contact, allowing fast transport of the oxygen across the water/air interface 
leading to the high ORR currents.
54
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Figure 5.4 - a) CV showing the response of a SWNT forest electrode to ORR in 100 mM KCl. CV 
is scanned from 0 V to -1.3 V and then back to +1.5 V.  Cathodic segment of first scan (red line), 
anodic segment of first scan and full second scan (black line). b) CV response of the SWNT forest 
electrode in 100 mM KCl, starting at 0 V to +1.4 V then to -1 V (100 mV s-1). Dashed line (de-
aerated solution), solid line (aerated).   
 To determine the effect of electrochemical oxidation on the SWNT forest 
surface, micro-Raman spectroscopy (Figure 5.5) was performed on the pristine 
surface and in an area where repeat CVs between +1.3 (sufficient to promote 
ORR) and –1.0 V (starting at 0 V) in 50 mM KCl (100 mV s-1) were recorded (n 
= 10). The spectrum, representative of many recorded for the pristine surface, 
shows the characteristic ‘shoulder’ on the G band (1590 cm-1), indicative of 
SWNTs
55
 and a small D band, indicating low sp
3
 content. However, after anodic 
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treatment there is a notable reduction in the G:D peak ratio, from 12:1 to 5:1, 
suggesting a disturbance in the pristine SWNT structure, consistent with defect 
creation by oxidative treatment.  
 
 
Figure 5.5 - Micro-Raman spectra of adjacent spots on a SWNT forest. Red line as grown forest, 
blue line, electrochemically cycled forest; the electrode potential was scanned 10 times from 0 V 
to +1.3 V, and then back to -1.0 V (100 mV s
-1
).   
To determine the potential threshold for ORR activation, CVs were also 
performed by changing the positive potential limit (from 1.1 V to 1.35 V). In all 
cases the same capillary, scan rate (0.1 V s
-1
), starting potential (0 V) and end 
potential (-0.6 V), were employed (Figure 5.6) with the initial scan direction 
always anodic. For each different measurement the capillary was moved to a 
different location on the SWNT forest and the effective electrode area was also 
monitored using capacitance, by running a CV at 1 V s
-1
 (to enhance the current 
signal), over the potential range -0.1V to +0.1 V, immediately prior to each 
measurement (Figure 5.6 f).  For the two lowest oxidative potential limits (+1.1 
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V and +1.2 V) the currents at -0.6 V, attributed to ORR (Figure 5.4), are minimal 
(Figure 5.6 a, b). However, by applying just 50 mV more positive potential in the 
anodic scan (+1.25 V (Figure 5.6 c)) the ORR current response at -0.6 V 
increases by 100 nA, even though capacitative measurements suggest a slightly 
smaller electrolyte contact area. The ORR current increases further as the anodic 
potential limit is made even more positive (Figure 5.6 d,e); this highlights the 
ability to control the level of surface activation with the procedures described 
herein, and the extent to which ORR occurs. At potentials greater than +1.4 V we 
occasionally observed droplet instability and thus for these multiple 
measurement experiments chose not to use potentials more positive than 1.4 V.   
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Figure 5.6 - CVs showing the ORR response on the SWNT forest in 100 mM KCl (0.1 V s
-1
) 
scanned first from 0 V to different positive potentials: a) + 1.1 V (black); b) +1.2V (pink); c) 
+1.25 V (red); d) +1.3 V (green); e) +1.35 V (blue) and then to -0.6 V. f) The capacitive current 
measured prior to each CV, used to assess the wetted electrode area (1 V s
-1
), colour coded to the 
CVs in a-e. g) Comparison of mean G/D values measured from micro-Raman spectra taken at an 
untreated SWNT forest (5 areas) and at areas anodically pre-treated at different scan ranges. 
Error bars show plus/minus one standard deviation.  
Figure 5.6 (g) shows a comparison between the mean G/D ratio measured 
from micro-Raman spectra recorded in five different areas of a SWNT forest, 
exposed to increasingly positive potential scans from 0 V to +1.1 V, +1.2 V, 
+1.25 V, +1.3 V and +1.35 V, at 100 mV s
-1
 using the microcapillary set-up. The 
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plot clearly shows that as the potential scan increases in anodic potential, the 
mean G(sp
2
)/D(sp
3
) ratio decreases indicating an increasing contribution from 
the D peak. Significant differences in ratio (taking account of errors) are seen for 
potentials > 1.25 V, consistent with the experimental observations which show 
the surface becomes significantly activated towards ORR when the potential  
1.25 V. This suggests that sufficiently positive potentials are capable of 
perturbing the SWNT sp
2
 structure. The data also indicate that at the anodic 
potential limit of the Fe
2+
/Fe
3+ 
experiment (Figure 5.2) surface cleaning rather 
than defect creation may be a more likely explanation for the effect seen.
 
From the data in Figure 5.6 (f) we are able to calculate an approximate 
capacitance due to the area of SWNT forest exposed to the meniscus, allowing us 
to assess the extent of the wetting into the structure. This was done using 
equation (4.2)  
 
2
capi
C
vA
  (4.2) 
where icap is the total capacitative current, v is the scan rate and A is the electrode 
area. Using the meniscus contact radius calculated from the peak current of the 
Fe
2+/3+ couple (35 μm), the calculated capacitance is ca. 10 μF cm-2 (based on the 
projected area), which compares favourably when compared to values from 
literature (ca. 10 μF cm-2 for a SWNT bundle56, 2 μF cm-2 on basal plane 
HOPG
57
). As the capacitance values are in broad agreement with those for planar 
carbon electrodes it can be reasoned that the meniscus does not wet significantly 
into the forest structure. 
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5.5  Macroscopic SWNT forest electrodes 
To allow us to investigate the extent to which ORR can be catalysed, it was 
desirable to investigate if electrochemically activated SWNTs could act 
effectively as electrodes on the macroscale. SWNT forest macroelectrodes were 
prepared (Figure 5.7, inset) by carefully removing the forest from the underlying 
silicon support and attaching a copper wire using a silver based adhesive. The 
electrode was then scanned from 0 V to +1.3 V (AP) and then to -1.0 V then 
back to 0 V, multiple times in 0.1 M KCl at 0.1 V s
-1
 in order to establish the 
most efficient number of cycles required for electrochemical optimisation of the 
ORR current signal (Figure 5.7). 
 
Figure 5.7 - a) ORR CV rtesponse of a SWNT forest macroelectrode in 100 mM KCl cycled from 
0 V to +1.3 V and back to -1.0 V at 0.1 V s
-1
. Inset shows an optical photograph of the SWNT 
forest macroelectrode, dashed line indicates proportion of submerged electrode.  
The CVs present interesting findings. After n = 7, ip for ORR (46 μA) is 
more than twice the value for n = 1 (19 μA), increasing further, although more 
gradually after n = 15 (57 μA) and reaching a maximum after n = 37 (66 μA); 
further 10 cycles show the same behaviour (not shown). With each cycle more 
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sites become active for ORR, most likely through the introduction of oxidised 
defects (section 5.4) 
5.6 Conclusions  
We have demonstrated that it is possible to improve the electrocatalytic 
activity of high quality pristine SWNTs, in a forest format, by the judicious use 
of an AP procedure. Studies mainly employed a microcapillary configuration 
(typical inner diameter 50 m) where the solution of interest was brought into 
contact with the top surface of the SWNT forest. In this way it was possible to 
make many measurements simply and rapidly by moving the capillary from one 
location to the next. For the Fe
2+/3+ 
couple we show that subjecting the SWNTs to 
anodic potentials  +0.95 V versus Ag/AgCl (QRCE), in a solution containing 50 
mM HClO4 significantly affects Ep for this process, making the HET reaction 
much faster. AP also slightly improved (decreased) the ΔEp value for Fe(CN)6
4-/3
. 
Importantly AP did not appreciably change wetting by the meniscus (laterally) or 
into the SWNT forest. For ORR, potentials +1.25 V versus Ag/AgCl (QRCE) in 
50 mM KCl were needed to noticably activate the SWNTs; the extent of which 
could be carefully controlled via the applied anodic potential. At these oxidising 
potentials, the G/D ratios in the micro-Raman spectra were significantly reduced 
indicating an increase in defect density and a perturbation of the pristine sp
2
 
structure. Moving away from a microcapillary format to macroelectrodes, we 
demonstrated it was possible to activate large area forests of SWNTs towards 
ORR. 
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6  
 
Pt Nanoparticle Modified Single walled carbon 
nanotube network electrodes for electrocatalysis: 
control of the specific surface area of Pt-modified 
electrodes over three orders of magnitude. 
 
In this chapter the deposition of Pt NPs on SWNT networks for use as 
ORR and MOR electrocatalysts investigated. Both Pt NP deposition and 
investigation of electrocatalysis are undertaken using the microcapillary 
electrochemical method, meaning multiple measurements can be performed on a 
surface. This ability allows Pt catalysts, with surface areas over 3 orders of 
magnitude, to be optimised for the ORR and MOR.  
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6.1 Introduction 
 The electrochemical ORR and MOR have become fields of intense 
research, particularly as a consequence of the development of direct methanol 
fuel cells (DMFCs)
1
. Much of this research is targeted towards the use of 
precious metal catalysts, most commonly Pt
2, 3
, which has high electrocatalytic 
activity towards both the ORR and MOR. However, with limited global 
availability and the high price of Pt, there is a drive to maximise the catalytic 
performance for the DMFC reactions with the minimal amount of precious 
metals, especially through the use of Pt NPs, which present a high surface to 
volume ratio, supported on various types of carbon materials.
4, 5
 The properties 
of this support material have been shown to significantly affect the stability and 
electrochemical properties of catalytic Pt NPs.
6-8
  
 CNTs have long been considered as a support for metal catalysts in fuel 
cells
9-11 
and more generally in electrochemistry,
12
 due to their large surface area 
to volume ratio, excellent electrical conductivity
13, 14
 and low capacitance in the 
pristine form.
14
 NPs have been deposited on CNTs using methods including 
metal vapour deposition,
15
 the chemical reduction of metal salts,
15, 16
 and 
electrodeposition.
12, 17, 18
 Electrodeposition is particularly attractive, as it 
circumvents the need for stabilising ligands, which may both hinder the catalytic 
properties of the metal and introduce impurities into the catalytic system.
18
 
Through the careful control of deposition parameters, electrodeposition allows 
the direct growth of NPs on CNTs with control over density and size,
17, 19
 
without the need for any further functionalization.  
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 Previous studies investigating the electrodeposition of Pt on CNTs for 
electrocatalytic studies have employed nanotube electrodes prepared by 
dropcasting onto glassy carbon
20, 21
 or other conducting substrates,
22, 23
 which can 
complicate the electrochemical analysis due to the rather large background 
currents at the support electrode. In contrast, pristine SWNTs grown on an 
insulating support using CVD have been shown to be an excellent support for the 
deposition of Ag, Au, Pd and Pt NPs
12, 19, 24, 25
 and have also been utilised to 
examine ORR at the single NP scale.
26
 
 In this study we demonstrate how the size and density of Pt NPs on two 
dimensional, single layer SWNT networks, grown on an insulating surface can 
be manipulated through control of the electrodeposition parameters. In all cases 
we use network densities above the metallic percolation threshold.
27
 The 
resulting Pt/SWNT composite structures are thoroughly characterised and their 
efficiency towards the ORR and MOR is investigated.   
6.2 Electrodeposition of Pt NPs on SWNT networks 
 Electrochemical measurements were performed using the microcapillary 
electrochemical method
19, 25
 as described in section 2.6.1. For the 
electrodeposition of Pt on the SWNT network,  the capillary was filled with a de-
aerated (purged with N2 for at least 20 mins) solution of K2PtCl6 (0.5 mM for 
low density NP studies and 5 mM for higher density studies) in 0.5 M HClO4, 
and a Pd-H2 quasi-reference electrode.
28
 Electrodeposition from a microcapillary 
allows small scale patterning of a variety of substrate electrodes, without the 
need for time-consuming lithographic processing (which can also lead to surface 
contamination).
25
 A schematic of this process is shown in Figure 6.1 (c). 
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Furthermore, it allows many electrodeposition experiments to be performed on a 
single sample by simply moving the microcapillary to a new location.  
 Pt NPs were electrodeposited on the SWNT network (> 5 μmSWNT µm
-2
, 
grown from Fe NPs, Figure 6.1 a, b) using cyclic voltammetry by scanning 
between 1.3 V and – 0.05 V and back to 1.3 V at 50 mV s-1. Deposition by 
cycling was used rather than constant potential methods as it allowed the 
progress of the deposition to be monitored (via the hydrogen 
adsorption/desorption peaks) meaning data corresponding to the relative increase 
in Pt surface area over each cycle could be collected. The amount of NPs 
deposited can be controlled by varying the number of voltammetric cycles 
(section 6.3.2). After each deposition the droplet was moved to a fresh adjacent 
area of the SWNT network allowing multiple measurements on the same sample.  
 
Figure 6.1 -  a) FE-SEM image of a typical SWNT network above the metallic percolation 
threshold. b) AFM image of a typical SWNT network c) Schematic of Pt NP electrodeposition 
using the microcapillary. d) Schematic of the set up used to measure ORR and MOR. 
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6.3 Pt deposition and NP characterisation 
6.3.1 Deposition procedure 
 All measurements to study the electrocatalytic properties of the 
electrodeposited NPs were made using the capillary technique, described above. 
However, the capillaries employed for the electrocatalytic investigations were 
larger than those employed for electrodeposition (100 μm vs. 60 μm diameter), 
so that the resulting droplet fully encapsulated the deposited Pt NP-SWNT 
microdisk (Figure 6.1 d). As the SWNT network itself showed minimal 
electrocatalytic activity towards both the MOR and ORR, there was an 
insignificant catalytic contribution from the extra electrode area exposed.  
 Electrocatalytic measurements were made in the following order. First, 
the specific surface area was measured. The humidity cell was thoroughly de-
oxygenated and the capillary was filled with a de-oxygenated solution of 0.5 M 
H2SO4. CVs were performed at 100 mV s
-1
 between 1.3 V and – 0.05 V. The 
specific surface area (also known as electrochemically active surface area) of the 
Pt NPs was calculated by integration of the hydrogen desorption peak (210 µC 
cm
-2
).
29
 Second, the humidity cell was opened and left to aerate, and the ORR 
was measured using the same 0.5 M H2SO4 solution, but now in equilibrium with 
air (giving rise to an oxygen concentration  0.25 mM) under the same scan 
conditions as above. The MOR was investigated last on the NP assemblies, as the 
intermediates of this process are known to contaminate the Pt surface. Under de-
aerated conditions 0.5 M methanol was oxidised for ten voltammetric cycles in 
0.5 M H2SO4 over the potential scan range defined above. 
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6.3.2 Pt deposition and NP characterisation 
Figure 6.2 (a) shows representative CVs for the decoration of SWNT 
networks with Pt NPs by potential cycling between +1.3 V and -0.05 V (5 mM 
K2PtCl6). The first and last cycles are highlighted in red and green and shown 
separately in an inset.  On the first deposition cycle, the reduction of Pt(IV) to 
Pt(0) takes place at potentials cathodic of +0.3 V. No indication of Pt dissolution 
is observed in the anodic sweep as this process is irreversible over this potential 
range. In subsequent voltammetric cycles, the classic voltammetric profile of 
polycrystalline platinum starts to develop in tandem with the Pt deposition: the 
oxidation and reduction of the Pt surface can be observed above +0.9 V in the 
anodic sweep and centred around +0.8 V in the cathodic sweep, respectively, 
while the features in the potential region between +0.2 to -0.05 V can be assigned 
to the adsorption and desorption of hydrogen (HUPD). By following the 
development of the magnitude of these peaks it is possible to monitor the 
deposition process in some detail.  
By measuring the charge transferred during hydrogen desorption from the 
Pt surface it was possible to estimate the rate of increase of electroactive Pt 
surface area at different stages of deposition (Figure 6.2 b), using 210 μC cm-2 
for monolayer hydrogen adsorption.
29
 Note in this case the charge cannot be 
directly converted to the total Pt surface area as Pt deposition also occurs in the 
same potential range. Nevertheless it provides a semi-quantitative way to 
monitor electrodeposition in situ. 
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Figure 6.2 - a) CVs for the deposition of Pt NPs, 5 mM K2PtCl6, one hundred voltammetric 
cycles at 50 mV s
-1
. The first and the last voltammetric cycles are shown in red and green and 
shown in an inset for clarity. b) Plot of charge transferred during hydrogen desorption vs. 
deposition cycle number. 
 From the first to the eighteenth deposition cycle the charge transferred 
(and therefore active surface area) is seen to increase in an almost linear fashion. 
However, after this point the rate of change begins to decrease, until for the last 
ten deposition cycles the charge transferred vs. cycle number gradient is less than 
one quarter of that for the first ten. This means the active surface area increases 
much more slowly for longer deposition procedures and is due to mass transport 
to individual NPs decreasing as NPs grow in size and diffusion fields at 
neighbouring NPs begin to overlap. Agglomeration of NPs also acts to lower the 
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surface area and increase particle volume as this is more energetically 
favourable. Information presented in Figure 6.2 (b) allows the electrodeposited Pt 
surface area to be fine-tuned.  
To gain further insight into the nucleation and initial NP growth, low 
density Pt NP deposits were studied (deposited from 0.5 mM K2PtCl6). Figure 
6.3 shows representative FE-SEM and AFM images of Pt NPs deposited from 1, 
10 and 25 deposition cycles (5, 15 and 20 cycles were also investigated). 
Histograms of NP size distribution, from AFM analysis, are also shown.     
 
Figure 6.3 -  (a) FE-SEM and (b) AFM images of electrodeposited NPs and (c) Histogram 
analysis of Pt NP heights extracted from AFM images of three repeats of each of Pt deposition 
regime: (i) 1 deposition cycle; (ii) 10 deposition cycles and (iii) 25 deposition cycles.  
 Both FE-SEM and AFM images clearly show the formation of Pt NPs on 
the SWNT networks and confirm that by increasing the number of deposition 
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cycles both the density and the size of deposited NP increases. The NP densities 
were ca. 0.45 NPs µm
-2
 (1 cycle); 0.80 NPs µm
-2
 (15 cycles) and 0.85 NPs µm
-2
 
(25 cycles), when averaged over three repeats of each Pt NP deposition regime 
on SWNTs. Furthermore, a closer look at the histograms as a function of 
deposition cycles shows that the size distribution broadens with increasing 
deposition cycles (after one cycle there is a particle height range of 175 nm, after 
25 cycles this range is 375 nm) suggesting that NP nucleation not only takes 
place during the first cycles, but also during subsequent cycles, which show both 
the nucleation of new NPs as well as growth of existing NPs. This suggests that 
the Pt NPs form progressively,
30
 agreeing with a previous study.
31
 
 A significant advantage to using SWNT networks as support material for 
electrocatalytically active (Pt) NPs is the low surface coverage of the network, 
which is ca. 1%.
27
 The network density is high enough to allow the SWNT to 
behave as a contiguous electrode under typical electrochemical mass transport 
conditions,
14, 32
 but 99% of the surface is insulating (inert). This means that Pt 
electrodeposition does not occur on the vast majority of the surface (AFM Figure 
6.3), and the Pt NPs are thus less likely to form agglomerates. This is important 
as agglomeration reduces the electroactive surface area, leading to sub-optimal 
metal utilisation.  
 To investigate the surface coverage more precisely, we carried out 
electrodeposition as above, stopping after a defined number of cycles and 
analysed the amount of Pt that had been electrodeposited by running CVs in de-
aerated 0.5 M H2SO4 (50 mVs
-1
). Figure 6.4 a,b,c shows that with an increasing 
number of deposition cycles, the overall magnitude of the current in the CVs 
increases due to the increasing surface area, as described above. The increase in 
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the integrated charge of the HUPD can be used to calculate the specific Pt surface 
area (210 µC cm
-2
).  
 
Figure 6.4 - CVs of electrodeposited Pt NPs in de-aerated 0.5 M H2SO4, (50 mV s
-1
) prepared by: 
a) 1 deposition cycle; b) 10 deposition cycles; c) 25 deposition cycles. d) Plot of specific surface 
area as a function of the number of deposition cycles, calculated from the charge passed in the 
HUPD region (left axis) and the percentage of the geometric surface area with respect to the area 
of the droplet on the SWNT network during electrodeposition (right axis). 
 Figure 6.4 (d) summarises the change in specific Pt surface area with 
increasing numbers of deposition cycles, up to 25 cycles, measured in 0.5 M 
H2SO4 with no K2PtCl6. Each point on the graph represents a separate Pt deposit 
experiment on the same SWNT network reaffirming the multi-measurement 
advantage of the microcapillary electrochemical method. The plot shows that 
over this range the increase in specific surface area is reasonably linear with 
respect to the number of deposition cycles, consistent with the data in Figure 6.2 
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(b). Each deposition adds ca. 45 μm2 to the specific surface area, which 
corresponds to ca. 1 % of the geometric area of the electrode (meniscus 
footprint). This demonstrates that great control of the Pt NP density that can be 
gained using the CV deposition process and suggests that Pt loading can be 
tuned. The trend also confirms that the deposition proceeds consistently across 
different areas of the SWNT network, further confirming its reasonable 
uniformity both physically (SWNT coverage) and electrochemically.    
6.4 ORR and MOR on low density SWNT/Pt composites. 
6.4.1 ORR on low density SWNT/Pt composites 
 The ORR response of the electrodeposited Pt NPs was investigated in 
aerated 0.5 M H2SO4 (~0.25 mM O2 at 298 K).
33
 Typical linear sweep 
voltammograms (LSVs) starting at 1.3 V for ORR on Pt deposited with 1, 10 and 
25 deposition cycles are shown in Figure 6.5 (a). 
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Figure 6.5 - a) Linear sweep voltammograms for ORR (0.5 M H2SO4, 100 mV s
-1
) on Pt NP 
deposited with 1, 10 and 25 cycles. b) Magnification of the LSV for the ORR on Pt NP deposited 
with 1 cycle.  c) Mass-transport corrected Tafel plot for the high overpotential region of the ORR 
LSV on Pt NP deposited with 1 cycle, red dotted line has a slope of – 275 mV dec-1. d) Plot of 
ORR current measured at 0.35 V (chosen as it was close to limiting but before there was a 
contribution from hydrogen adsorption) vs. number of Pt deposition cycles. 
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 The electrocatalytic activity of Pt NP on SWNT towards the ORR can be 
clearly observed even after 1 deposition cycle. A pristine bare SWNT network 
exhibits minimal ORR catalysis without a high overpotential, and so the response 
for the unfunctionalised SWNT is negligible (Figure 6.5 a). The ORR begins 
with a peak at 0.7 V attributed to the onset of reduction of oxides on the Pt 
surface, which leads into the diffusion limited ORR at higher overpotentials. The 
slight slope of the limiting ORR current is attributed to the increased O2 flux 
from the edges of the meniscus from air. This acts to replenish the depleted O2 at 
the electrode surface. Below 0.25 V, the peaks due to the adsorption of hydrogen 
begin to appear and when scanning cathodic of 0 V, the hydrogen evolution 
reaction (HER) becomes significant. As the number of deposition cycles is 
increased from 1 to 10 there is a slight positive shift (ca. 5 mV) in the ORR onset 
potential, but significantly there is a seven-fold increase in the ORR current. 
With 25 deposition cycles there is a further positive shift (ca. 50 mV) in onset 
potential, but the ORR current only increases an additional 3 nA (25%) due to 
increased diffusional overlap between the NPs.  
 Figure 6.5 (b) shows a magnification of the ORR LSV on the 1 cycle Pt 
NP electrodeposit. As shown in Figure 6.3 (i) this electrodeposit is made up of Pt 
NPs with a diameter ca. 100 nm, which on average are spaced many microns 
apart. It has been suggested that the separation of Pt particles plays an important 
role in ORR catalysis,
5
 as with increased overlap of diffusion fields there is 
reduced probability of intermediates (H2O2) desorbing and diffusing from the 
electrode surface before they are fully converted (to H2O).
34
 This effect is 
enhanced at NPs due to the increased rates of mass transport at small electrodes, 
which means diffusion of intermediates from the electrode is fast. It is estimated, 
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from the limiting ORR current, that the rate of mass transport for the 
electrodeposit of 100 nm Pt particles (1 deposition cycle) is ca. 0.1 cm s
-1
, a rate 
that would be difficult to achieve using traditional hydrodynamic techniques such 
as rotating disk.
35
 These effects have led to the use of arrays of small electrodes 
or NPs for the investigation of the kinetics of electrocatalysts.
36-38
  
Figure 6.5 (c) shows a mass transport corrected Tafel plot
39
 of the high 
overpotential region of the LSV shown in Figure 6.5 (b). Due to the presence of 
the oxide stripping peak it was not possible to perform Tafel analysis at lower 
overpotentials. The slope of this plot is 275 mV dec
-1
, which is comparable to 
that found in a similar overpotential region for the ORR on single Pt particles
35
, 
from this slope the apparent symmetry factor (α) is calculated as 0.22, according 
to equation 6.1,
39
 
0
lim
1 1 2.303
log ( ) log log log( [ ] )k
nF
j E k nF O
j j RT
  (6.1) 
where, jk is the kinetic current density, i.e. current density in the absence of mass 
transport limitations, j is current density, jlim is mass transport limited current 
density, n is the number of electrons transferred, F is the Faraday constant, R is 
the universal gas constant, T is temperature, k0 is the standard rate constant and 
[O]∞ is the bulk concentration of oxygen. The low α for the ORR in this 
overpotential region is similar to a previously reported value
35
 and has been 
attributed to a change in the rate determining step from electron transfer to 
oxygen adsorption or adsorption affecting the potential profile in the double 
layer, which is important for inner sphere reactions.
35
  This analysis demonstrates 
that the electrodeposition of NPs on a supporting SWNT network, using the 
microcapillary electrochemical method is potentially an effective method for 
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creation of NP arrays for kinetic analysis, without the need for complex 
lithographic procedures.  
 Figure 6.5 (d), which shows the ORR current at 0.35 V (corrected for 
capacitance) as a function of the number of Pt deposition cycles, highlights the 
effects of increased diffusional overlap which acts to reduce the loss of 
intermediates. The potential at which the limiting current was measured was 
chosen as it was very close to mass transport limitations, but with no contribution 
from hydrogen adsorption. The oxygen reduction current increases quickly for 
depositions up to 10 cycles, but after this the increase in ORR with more 
deposition becomes much more gradual and tends towards a plateau. At very low 
Pt densities there may be an increased contribution from the 2 electron pathway, 
yielding H2O2, however, in this case it is difficult to tell if the limitations from 
the particle density or mechanistic changes dominate. 
 As the density of Pt NPs increases their diffusion fields overlap to a 
greater extent, meaning it is less likely for intermediates to diffuse into the bulk 
solution and the electrode increasingly acts like a planar disk. Consequently, the 
reaction switched from being limited by Pt density towards being limited by the 
diffusion towards the (geometric) disk electrode. From Figure 6.5 (d) it is 
apparent that diffusion towards the Pt becomes dominant at around 15 deposition 
cycles, stabilising at ~ 20 – 25 nA. This value is comparable (albeit slightly 
lower) to that calculated for an inlaid disk UME of the same dimensions (29 nA 
for a 4-electron process, D = 2 × 10
-5
 cm s
-1
 
40
), although note the geometry is 
different in the current experimental setup. An inlaid disk electrode of this size in 
bulk solution (infinite diffusion) displays a hemispherical diffusion regime 
whereas with the microcapillary electrochemical method diffusion from the sides 
165 
 
of the electrode is limited, due to the relatively small size of the droplet covering 
the Pt NPs. These data suggest that for the ORR the optimum Pt NP density can 
be achieved by around 15 deposition cycles. This results in a Pt surface with only 
a specific surface area ca. 15 % of the geometric surface area that behaves 
similarly to a bulk Pt surface, due to the diffusion dependence of the ORR. 
6.4.2 MOR on low density SWNT/Pt composites 
 Typical CVs for the oxidation of methanol on the Pt NP-SWNT 
networks, deposited for 1, 10 and 25 cycles are shown in Figure 6.6 (a), which 
show the characteristic features for the oxidation of small organic molecules at 
platinum surfaces. In the anodic sweep, the currents in the HUPD region are 
somewhat suppressed due to surface blocking by decomposition products 
(mainly adsorbed CO). Starting at a potential between 0.4 V - 0.5 V, the 
decomposition products are oxidized, freeing up surface sites for continuous 
oxidation, leading to an anodic peak at ca. 0.7 V (with a shoulder at 0.5 V). At 
higher potentials, the surface is blocked by the formation of irreversible oxides. 
In the cathodic sweep, the surface oxides are reduced, reactivating the oxidation 
of methanol until the overpotential is too low to oxidize methanol (or its 
decomposition products). 
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Figure 6.6 -  a) CVs for the MOR (0.5 M methanol in 0.5 M H2SO4, 100 mV s
-1
) on Pt NP 
deposited for 1, 10 and 25 cycles. The anodic sweep is shown with a solid line; the cathodic 
sweep is shown by dotted line. b) Plot of MOR peak current vs. specific Pt surface area. 
 As with the ORR, a single Pt deposition cycle is enough to give rise to a 
noticeable peak for the MOR (1.1 nA). However, unlike the ORR, subsequent 
deposition cycles continue to increase the MOR peak current (10 cycles 11.2 nA, 
25 cycles 27.7 nA), as the MOR is a sluggish, surface-limited process. The peak 
current density based on the specific Pt surface area is ca. 2 – 3 mA cm-2, 
consistent to values reported literature on macroscale polycrystalline Pt 
electrodes. 
41, 42
 Figure 6.6 (b) shows the dependence of MOR peak current on Pt 
specific surface area, in this case surface area is more relevant than for ORR. 
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Over this range, it can be seen that the MOR peak current does not plateau, but 
increases linearly with surface area.  
6.5 ORR and MOR on high density SWNT/Pt composites. 
6.5.1 ORR on high density SWNT/Pt composites 
  High density Pt was deposited using the same method as discussed 
previously (same voltammetric scan range and rate), but with 5 mM K2PtCl6 
(rather than 0.5 mM) and electrodeposition on SWNTs networks for 50, 75 and 
100 cycles. Typical resulting structures can be seen in Figure 6.7. 
 
Figure 6.7 -  FE-SEM (a and b) and AFM (c) images of electrodeposited NPs (from 5 mM 
K2PtCl6) after: (i) 50 deposition cycle; (ii) 75 deposition cycles and (iii) 100 deposition cycles. 
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 It can be seen that after 50 deposition cycles at the higher concentration 
of PtCl6
2-
, the Pt electrodeposit has the form of large high surface area 
agglomerates, although individual NPs can still be resolved. After 100 cycles, a 
Pt surface with significant texture on the micro and nanoscale has formed. At 
these high Pt densities Pt structures are formed with a specific surface area ~ 4 
(50 cycles), ~ 7 (75 cycles) and ~ 9 (100 cycles) times that of the geometric 
electrode area. This represents a very large increase in the surface area of the 
electrode with no increase in electrode geometry; there is also minimal wasted Pt 
volume. However, at these relatively high surface densities the stability of the Pt 
on the SWNT becomes somewhat compromised as they are only attached by 
their interaction with the SWNT. This means the structures can be mechanically 
detached unless handled very carefully.   
 Figure 6.8 (a) shows the response of the high density Pt/SWNT 
composites for the ORR. The same characteristic wave shape can be seen here as 
with the low density deposits (Figure 6.5), but the Pt oxide stripping peak (at 0.7 
V) and hydrogen adsorption peaks (at 0.15 V and -0.05 V) are much more 
pronounced due to the large specific surface area of the electrodeposits. 
However, the response for the ORR has changed little with increased Pt density; 
when measured at 0.35 V, and corrected for capacitative current, the reduction 
current for all Pt densities is ca. 60 nA. This is above the theoretical limiting 
current for an inlaid disk electrode of this size, part attributed to Pt protruding 
from the electrode surface increasing effective area and the difficulty of 
accounting for the capacitative current. Importantly, this finding demonstrated 
that there is little benefit to significantly increasing the amount of Pt used. 
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Figure 6.8 - a) LSVs starting at 1.3 V and extending to –0.1 V (aerated 0.5 M H2SO4, 100 mV s
-1
) 
at Pt electrodeposits (from 5 mM PtCl6
2-
) for different numbers of deposition cycles, b) CVs for 
the MOR (0.5 M methanol in 0.5 M H2SO4, 100 mV s
-1
) performed on Pt NP deposited from 5 mM 
PtCl6
2
- for different numbers of cycles (start and end potential 0 V, scanning to 1.3 V). 
6.5.2 MOR on high density SWNT/Pt composites 
Finally, the MOR response for the high density Pt nanostructures is shown 
in Figure 6.8 (b) where the MOR response increases with Pt specific surface 
area. The peak current for MOR at Pt deposited for 100 cycles at 5 mM K2PtCl6 
is 50 times greater than that for 25 cycles at 0.5 mM K2PtCl6 (Figure 6.5 a). The 
peak current densities based on geometric electrode area are 18, 28 and 36 mA 
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cm
-2
 respectively for 50, 75 and 100 cycles, while the peak current density based 
on specific surface area for all high density samples is ca. 4 mA cm
-2
, which 
again (as for the lower density deposits, Figure 6.6) is comparable to literature 
values based on macro scale electrodes (1-3 mA cm
-2
).
43, 44
 
6.6 Conclusions  
 In this study we have demonstrated that the coverage of Pt NPs supported 
on SWNT network electrodes can be controlled with very high precision over 
three orders of magnitude specific surface area, between 0.057 × 10
-5
 cm
2
 for 1 
deposition cycle using 0.5 mM K2PtCl6 and 33.4 × 10
-5
 cm
2
 for 100 deposition 
cycles using 5 mM K2PtCl6. This work also serves to demonstrate the versatility 
of the microcapillary electrochemical method as a deposition technique, allowing 
a wide range of composite materials to be created and analysed from low loaded, 
well separated Pt NP catalysts suitable for the ORR to highly loaded Pt structures 
more useful for the MOR which requires very high surface area catalysts as this 
process is surface limited. By simply altering the number of deposition cycles it 
is easy to control the NP density, allowing optimisation of the Pt density to a 
particular reaction, and providing a versatile approach for elucidating the impact 
of specific surface area of an electrocatalyst on the activity.   
 Due to the ability to carefully control Pt NP surface coverage, for the 
ORR it was found that once the specific Pt surface area was  15% of the 
geometric electrode area, it was possible to create a catalyst that acts comparably 
to a bulk electrode. In contrast the best catalyst for the MOR utilised in this work 
was found to have a very high specific surface area (>850 % geometric area) 
with a very fine nanostructured surface. A highly favourable current density of 
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36 mA cm
-2
 was achieved. Finally, it has been demonstrated that SWNTs provide 
an excellent support for catalytic materials, allowing nucleation and growth of 
well separated particles, which with further deposition allows the production of 
very high surface area structures.  
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7  
Generation – collection measurements within the 
meniscus of a microcapillary electrochemical cell 
using a carbon fibre ultramicroelectrode.  
 In this work microcapillary based electrochemical methodology is 
combined with the generation/collection electrode format utilising very high 
aspect ratio carbon fibre ultramicroelectrodes. First, the concept is demonstrated 
with a common outer sphere redox mediator, showing that the generator 
electrode is capable of influencing the response at the collector. It is then utilised, 
first to investigate a reaction on a complex electrode geometry, i.e. a single 
walled carbon nanotube forest, which is not easily investigated using traditional 
techniques which require the electrode material to be physically encapsulated. 
The technique is then used to probe the different mechanistic pathways of the 
oxygen reduction reaction by detecting any H2O2 generated in the electrode 
process.  
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7.1 Introduction 
In a generator-collector (G/C) electrochemical system, a chemical species 
is produced at one working electrode (generator) by a redox reaction (e.g. A + e
-
 
→ B). A proportion of this species (B) undergoes a second electrochemical 
process, which may be reformation of the initial species (B → A + e-) or the 
formation of a third (B ± e
-
 → C), at a second working electrode (collector), 
coupled by diffusion or convection/diffusion to the generator electrode.
1
 This 
approach has been used to probe reactions as varied as the ORR,
2
 the oxidation 
of ascorbic acid via a catalytic EC’ mechanism3 and trace level analyte 
detection,
4
 among many possible examples, allowing greater understanding of 
kinetic and mechanistic aspects of these processes. Traditionally, G/C often 
involves the use of complicated experimental set ups e.g. flow cells,
5
 the 
rotating-disk electrode (RDE) 
6
 or specialised electrodes,
7
 meaning it’s use 
becomes prohibitive, especially for electrode materials that cannot be 
encapsulated in these formats.  
 Microcapillary-based electrochemical techniques expand the range of 
electrode formats that can be studied without the need for electrode material 
encapsulation. Measurements are made by landing the meniscus of a solution-
filled capillary, with a micrometer-scale aperture, on an electrode surface.
8-10
 As 
the electrochemical cell is limited to the meniscus footprint, these methods have 
proven useful in areas where multiple measurements are to be made on a single 
surface, for example in localised corrosion studies
11
 or the electrodeposition of 
metal nanoparticles (NPs).
8, 10
 It also allows the user to make electrochemical 
measurements at targeted areas of a surface.
9
  Importantly, this method negates 
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the need for post-processing electrode surfaces, e.g. through the use of 
lithography, saving time and ensuring the surface is free from leftover residues 
which may hinder electrode processes.
9
    
 In this work we demonstrate a simple method to combine the benefits of 
the microcapillary electrochemical method (MCEM) (described in section 2.6.1) 
with the analytical power of G/C studies, through the use of very high aspect 
ratio carbon fibre ultramicroelectrodes (UMEs). These can be readily inserted 
into the meniscus and used as a means of monitoring the electrode process. 
7.2 Microcapillary generation-collection (G/C) 
Details regarding the production of carbon fibre UMEs, the MCEM and a 
detailed description of the microcapillary generation/collection (MCEM G/C) 
experimental set up can be found in section 2.7. Briefly, to perform G/C 
measurements in the meniscus of the microcapillary, the carbon fibre UME was 
mounted on a secondary x-y-z micropositioner using a custom capillary holder to 
enable it to be positioned at a 45° angle with respect to the electrode surface. 
Once the meniscus from the microcapillary had formed on the surface, the 
carbon fibre UME was carefully inserted from the side (Figure 7.1 c). The 
capillary radius (Rc) has been found to be a good approximation for the height of 
the meniscus from the surface both in this investigation and previously.
9
 This 
means that the maximum possible height of the UME from the surface was Rc 
(i.e. between 25 and 50 μm), in reality it was likely to be much closer. 
Electrochemical measurements were made by scanning the potential of the 
surface (working electrode 1) while the UME (working electrode 2) was held at a 
constant potential to act as a collector.   
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Figure 7.1 - a) CV for the oxidation of 0.25 mM FcTMA
+/2+
 in 50 mM KCl (25 mV s
-1
) at a 
carbon fibre UME. b) Schematic of the MCEM G/C set up. c) Optical photograph of carbon fibre 
UME in the capillary meniscus. d) Large scale view of MCEM G/C on a glassy carbon electrode. 
7.3 Proof of concept 
 Figure 7.1(a) shows a typical cyclic voltammogram (CV) for the 
oxidation of FcTMA
+
 recorded at a carbon fibre UME with a carbon fibre 
diameter of 8 μm (Figure 7.2). This CV shows the typical wave shape for fast ET 
at a UME i.e. it shows steady-state behaviour and exhibits reversible ET (ΔE3/2 - 
E1/4 = 59 mV). The limiting current (ilim) in electrodes with small RGs 
(RG=electrode surround radius/electrode radius) can be estimated using equation 
1.1
12
 
  4 *limi nFDaC   (7.1) 
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where n is the number of electrons transferred, F is the Faraday constant, D is the 
diffusion coefficient (D FcTMA
+
 = 6.3×10
-6
 cm
2
 s
-1
)
13
, a is the electrode radius, 
C* is bulk concentration and β is a correction factor related to RG which takes 
into account back diffusion.
14
 The RG for this electrode is close to 1, as only a 
monolayer film of polyoxyphenylene is formed during electrodeposition, 
meaning β = 1.43 as calculated by Girault et al.14 This indicates that diffusion 
from the back of the electrode has a significant effect on the mass transport to an 
electrode of this geometry, increasing the limiting current by ca. 40%. The 
theoretical limiting current is therefore calculated to be 0.345 nA, which is in 
close agreement to the experimental value (ilim = 0.36 nA). This is slightly higher 
due to the probable exposure of slightly more carbon fibre during the cutting step 
by, for example, cutting on a slight angle. This can be seen in Figure 7.2. 
 
Figure 7.2 - FE-SEM images of a polyoxyphenylene coated carbon fibre which has been cut to 
form a UME. 
Figure 7.3 shows CVs for the one electron oxidation of 0.5 mM FcTMA
+
 
on a SWNT network, a process which has previously been shown to be 
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reversible.
15
 This experiment was performed with a capillary of Rc 45μm and in 
this case a bare carbon fibre UME was inserted into the capillary meniscus. This 
was held at either 0 V, a potential where FcTMA
+
 oxidation did not readily occur 
on the UME, but the reduction of any FcTMA
2+
 that reached the electrode would 
be strongly driven, or 0.4 V where the oxidation of FcTMA
+
 was driven at the 
carbon fibre electrode.  
 Figure 7.3 a/b demonstrates the MCEM G/C in operation in a traditional 
G/C arrangement, whereby a collector electrode is used to perform the reverse 
process to that occurring at the generator. As FcTMA
2+
 is generated at the 
SWNT surface, it diffuses towards the collector UME where a proportion of it is 
reduced back to FcTMA
+
, in principle this process could also increase flux 
towards the generator electrode. The CV in Figure 7.3 (a) displays the 
characteristic shape of a reversible redox process at an electrode with a linear 
diffusion profile (this is the case with the capillary arrangement as there is 
minimal diffusion from the electrode edge). The wave in Figure 7.3 (b) shows 
the corresponding current at the collector electrode plotted against the potential 
of the generator electrode. This shows the characteristic shape of a process at an 
electrode with a high flux, reaching a plateau limited by the electrode size. 
However as this electrode is held at a constant potential (0 V) the increase in 
current is not driven by increased driving potential, but by the increase in the 
concentration of FcTMA
2+
 in the solution as it is generated at the SWNT surface. 
As the electrode is very close to the SWNT surface, the collector (UME) current 
reaches a limiting value which is equivalent to that of the diffusion limited 
current in a bulk concentration of FcTMA
2+
, i.e. 0.5 mM. The hysteresis in this 
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wave is caused by the time required for species to diffuse between the two 
electrodes.   
 
Figure 7.3 - G/C CVs of 0.5 mM FcTMA
+/2+
 in 50 mM KCl, 25 mVs
-1
, performed on a SWNT 
network: a) generation; b) collection with UME held at 0 V. c) generation; d) collection with 
UME held at 0.4 V. 
 In Figure 7.3 c/d a G/C CV is shown for the system discussed above, but 
in this case the collector UME was held at a 0.4 V, meaning the oxidation of 
FcTMA
+
 was driven at both the SWNT and carbon fibre electrodes, meaning 
they were in direct competition.
 
Initially the collector electrode drives FcTMA
+
 
oxidation at a diffusion limited rate, however as the significantly larger generator 
electrode (~ 65 times larger geometric area) begins to drive the same process a 
drop in the current at the collector electrode is observed because the 
concentration of FcTMA
+
 at the surface becomes depleted. The current 
magnitude at the collector electrode does not fall to zero, but reaches a second 
plateau controlled by the rate of diffusion towards the electrode when in direct 
competition with the generator electrode. From this limiting current the FcTMA
+
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concentration at the UME surface is calculated to be 0.035 mM. The current once 
again increases towards its initial value when the generator electrode begins the 
reverse reaction.  
7.4 Applications 
7.4.1 SWNT forest  
To further demonstrate the versatility of the carbon fibre UME for G/C 
experiments, the oxidation of 0.5 mM FcTMA
+
 was performed on the top surface 
of a SWNT forest (discussed in section 3.3.2). This substrate consists of super 
high density SWNTs which are vertically aligned and rise ~ 0.5 mm above the 
surface and which have been shown (section 4.2.2) to possess impressive 
electrochemical properties.
16
 This is an example of an electrode format that is not 
easily investigated using traditional techniques (e.g. RDE) as it is non-reflecting, 
rough and easy to penetrate.  
 Figure 7.4 shows the reversible oxidation of the FcTMA
+
 on the SWNT 
forest surface (Rc 50 μm). The carbon fibre UME was again held at 0 V to drive 
the reduction of FcTMA
2+
. Like the example shown in Figure 7.3 a/b, the 
oxidation of FcTMA
+
 at the forest surface caused an increase in current at the 
UME, which was within the FcTMA
2+
 diffusion field. The current at the UME 
decreased back to its initial value as the FcTMA
2+
 became depleted as the forest 
electrode was scanned back to its starting potential, with hysteresis due to 
diffusional lag.  
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Figure 7.4 - G/C CVs of 0.5 mM FcTMA
+/2+
 in 50 mM KCl, 50 mVs
-1
, performed on a SWNT 
forest. Generation is shown in the main figure body, collection inset, with UME held at 0 V. 
7.4.2 Oxygen reduction reaction mechanism 
 The ORR, which is of great importance in fuel cell research,
17
 is known 
to proceed via different mechanisms depending on the electrode surface. In acid 
solutions it can proceed either by a direct 4-electron reduction or by two separate 
2-electron reduction processes with hydrogen peroxide as an intermediate.
18
 The 
direct pathway is known to dominate on clean platinum surfaces,
17
 whereas on 
most carbons the peroxide pathway is predominant.
19
   
 To investigate the different mechanisms of the ORR, MCEM G/C 
measurements were performed on Pt NP decorated SWNT electrodes (as 
discussed in section 6.3.2) and a bare glassy carbon electrode. The Pt NPs were 
deposited by cycling the surface between 1.3 V and -0.05 V in K2PtCl6 using the 
MCEM (Rc 25 μm). To enhance the detection of intermediates in the ORR 
process, the carbon fibre UME was also decorated with Pt as described above. 
 Figure 7.5 a/b shows the G/C response for a CV performed on Pt 
decorated SWNT in 0.5 M H2SO4. The generator electrode shows the 
characteristic background response for Pt, with ORR beginning at ~1 V, the 
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hydrogen adsorption/desorption region ~ 0.35 – 0 V and the H2 evolution region 
< 0 V. In this case the Pt-coated collector electrode was held at 0.9 V (vs. a Pd-
H2 quasi-reference/counter electrode
20
), a potential capable of oxidising H2O2,
21
 
but where no background processes occur. The response at the collector electrode 
Figure 7.5 (b) is featureless until the generator electrode reaches ~ 50 mV, where 
it begins to oxidise the generated H2. As an undetectable amount of H2O2 is 
oxidised at the Pt coated carbon fibre UME this demonstrates that the ORR on Pt 
proceeds mainly via the H2O2 free 4-electron reduction.   
 
Figure 7.5 - a) CV in 0.5 M H2SO4, 25 mVs
-1
, on a Pt NP decorated SWNT network. b) Collector 
response at Pt coated UME held at 0.9 V. a) CV in 0.5 M H2SO4, 25 mVs
-1
, on a glassy carbon 
electrode. b) Collector response at Pt coated UME held at 0.9 V. 
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The ORR response of a glassy carbon electrode in aerated 0.5 M H2SO4, 
investigated using the MCEM-G/C technique, is shown in Figure 7.5 c/d. At the 
glassy carbon generator electrode the ORR current begins at ~ 0.5 V, gradually 
increasing until the current becomes dominated by H2 evolution at potentials < -
0.3 V. Unlike when ORR was performed on Pt NPs, the onset of the ORR on the 
glassy carbon electrode caused a current response at the collector electrode 
Figure 7.5 (d), which was again held at 0.9 V. This current is attributed to the 
oxidation of H2O2 produced during the first step of the two electron ORR on the 
Pt NPs on the carbon fibre UME. This confirms that the ORR proceeds by the 
peroxide pathway on glassy carbon.  
Although it has been extensively reported the ORR proceeds via these 
two distinct pathways on Pt and carbon electrodes,
18, 22
 this investigation has 
shown that the MCEM-G/C methodology is capable of investigating mechanistic 
aspects of complex reactions, meaning it could be utilised to probe other, less 
well understood, reactions. 
7.5 Conclusions 
 In conclusion, we have developed a simple, yet versatile, method of 
performing G/C measurements in tandem with the conventional MCEM. We 
have demonstrated that the method is applicable to a varied range of surfaces and 
processes and that through the modification of the carbon fibre UME it is capable 
of detecting mechanistic changes of reactions. The technique allows the 
investigation of systems where traditional techniques, such as RDE 
measurements, are not possible and may prove powerful as a tool to analyse the 
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feasibility of more complex techniques involving feedback e.g. scanning 
electrochemical microscopy. 
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8  
Conclusions 
 In this thesis the synthesis of 2D SWNT networks, 3D SWNT forests and 
graphene by cCVD has been investigated. These structures were utilised in 
studies ranging from investigation of fundamental electrochemical properties to 
electrocatalysis. The implementation of a novel electrochemical method 
integrating generation/collection measurements with pre-existing microcapillary 
electrochemical methodology was also demonstrated. 
 In Chapter 3, atmospheric pressure thermal cCVD was utilised to grow 
SWNT in 3 distinct geometries, namely 2D networks, very high density networks 
and 3D forests. These materials were thoroughly characterised using AFM, FE-
SEM, micro-Raman spectroscopy and XPS which showed that in all cases the 
tubes produced were single walled and of very high quality with a low density of 
defects and little amorphous carbon. Each of these structures also required a 
unique catalyst system, which were themselves developed and thoroughly 
characterised in this work. In this chapter the synthesis and subsequent transfer 
of SLG, using low pressure cCVD, was also discussed. By performing thorough 
characterisation of the SLG on the Cu substrate the cCVD process was optimised 
to grow uniform large areas (~ 1 cm
2
) SLG. It was also shown that the SLG 
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became damaged and contaminated during transfer to Si/SiO2, however this 
information can be used to improve this process in the future.  
 In Chapter 4, SWNT forests were investigated with an electrochemical 
cell consisting of a nanopipet, meaning electrochemical measurements were 
confined to either closed SWNT ends or SWNT sidewalls. This methodology 
allowed the forest structure to be probed in its pristine state, negating the need 
for sample processing, meaning the electrochemical activity originated from the 
undamaged sp
2
 surfaces. Using two common outer sphere redox mediators it was 
shown that ET was fast, and near identical, on both closed ends and sidewalls, 
overturning the consensus that ET at SWNTs is driven by defects and open ends.  
 In Chapter 5 it was demonstrated that the simple application of anodic 
potentials to SWNT forests resulted in an enhancement of their ET response to a 
range of complex reactions, including the catalysis of the ORR. This work 
utilised a capillary based electrochemical technique which allowed many 
measurements to be performed on the SWNT surface meaning the effect of 
anodic potentials on pristine SWNTs could be reliably investigated. It was shown 
that the application of anodic potentials of ~1 V improved the response of both 
the Fe
2+/3+ 
and Fe(CN)6
4-/3-
 couples while having little effect on the outer sphere 
oxidation of FcTMA
+
. Potentials greater than 1.25 V were shown to activate the 
SWNT towards ORR catalysis, which was correlated with the introduction of 
defects into the SWNT structure using micro-Raman spectroscopy. 
 In Chapter 6, SWNTs networks were shown to be effective supports for 
Pt ORR and MOR catalysts. Pt NPs were formed on the SWNT networks by 
electrodeposition using a capillary with an opening of ~ 50 μm, meaning multiple 
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deposits could be made on a single surface which allowed the effect of NP 
density on catalytic behaviour to be investigated. It was found that it was only 
necessary to deposit Pt NPs with a surface area equivalent to 15 % of that of an 
equivalent disk electrode to provide a comparable level of catalysis, due to 
diffusion limitations. Conversely, for the surface-limited MOR the best Pt 
loading was found to be significantly higher. Deposition on SWNT networks was 
shown to be capable of creating MOR catalyst structures with a surface area 
equivalent to 850 % of the geometric area, demonstrating that SWNT networks 
can be a diverse support for catalyst materials, the density of which can be fine 
tuned to the application. 
 In Chapter 7 a method of performing generation/collection type 
measurements within the confines of a meniscus formed by a microcapillary was 
demonstrated. This work utilised carbon fibre electrodes which were fabricated 
with an electrode diameter of ~ 8 μm, which allowed them to be into the 
meniscus formed by the capillary with relative ease. The performance of this 
methodology was initially assessed using the oxidation of outer sphere FcTMA
+
, 
after which it was demonstrated to be effective when used on complex substrates 
(SWNT forests) and could be utilised to understand mechanistic aspects of 
complex reactions (the ORR).   
 This thesis has shown that in their pristine state SWNT act as an excellent 
electrode material in a variety of formats. These not only act as a fascinating 
platform for research into the fundamental understanding of sp
2
 materials, but 
also display properties that are more widely useful in industrially relevant 
processes. This work has challenged the widely accepted consensus that the ET 
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at SWNTs is driven by open ends and defect sites without having to resort to the 
use of single isolated tubes. This was achieved using the often ignored principle 
that careful synthesis and characterisation are essential before electrochemical 
studies are undertaken. By knowing that the SWNTs being produced were of 
very high quality and with a low defect density, we were more able to investigate 
effect of introduction of defects or catalytic sites. 
 It is essential that principles similar to those utilised in this work are 
taken forward when work on improving the transfer of SLG is undertaken. Only 
when it can be shown that the SLG produced by cCVD and transferred to Si/SiO2 
is of a low defect density and has little contamination should it be used for to 
investigate the fundamental ET properties of graphene.   
 
